ELECTROCHEMICAL AND PHOTOVOLTAIC
PROPERTIES OF POLY(THIOPHENE)S

A thesis submitted in fulfilment of the
requirements for the award of the degree

DOCTOR OF PHILOSOPHY

from

UNIVERSITY OF WOLLONGONG

by

GEORGE TSEKOURAS, BSc (Hons)

DEPARTMENT OF CHEMISTRY
October 2005

DECLARATION

This is to certify that the work described in this thesis is my own unless otherwise
indicated and has not been submitted for qualifications at any other academic
institution.

George Tsekouras

October 2005

ACKNOWLEDGEMENTS

I would like to thank my supervisors, Prof Gordon Wallace and Dr Chee Too, for
providing both general and technical advice, direction and support throughout the
course of my study.

I greatly appreciate the help and support offered by all of my colleagues and friends at
the Intelligent Polymer Research Institute (IPRI) at the University of Wollongong. In
particular, I would like to acknowledge the technical assistance provided to me by Dr
Jun Chen and Dr Peter Innis, and the administrative assistance given to me by Mr Elvis
(Phil) Smugreski.

The efforts of Prof David Officer and his research group at the Nanomaterials Research
Centre at Massey University, New Zealand, in the provision of polymer precursors and
enlightening discussions, are greatly appreciated.

The financial support provided to me by the Australian Research Council (ARC) and by
Prof Gordon Wallace for my PhD scholarship is greatly acknowledged.

Finally I dedicate this thesis to the memory of my late friend and colleague Dr Jeffrey
(Gao) Jin, a man of great kindness and enthusiasm for life. The example you set is an
inspiration to us all. I will remember you forever.

PUBLICATIONS

Tsekouras, G., Too, C.O. and Wallace, G.G., Effect of growth conditions on the
photovoltaic efficiency of poly(terthiophene)-based photoelectrochemical cells,
Electrochimica Acta, 50(16-17) (2005) 3224-3230.

CONFERENCE PRESENTATIONS

Tsekouras, G., Too, C.O. and Wallace, G.G., Conducting polymer solar cells (oral
presentation), 26th Australasian Polymer Symposium (APS), Noosa, Australia, 2003.

Tsekouras, G., Too, C.O., Officer, D.L. and Wallace, G.G., Solar cells based on dyedoped poly(terthiophene) and a terthiophene derivative (oral presentation), International
Conference of Synthetic Metals (ICSM) Satellite Symposium, Queenstown, New
Zealand, 2004.

Tsekouras, G., Too, C.O. and Wallace, G.G., Morphology and photovoltaic
characteristics of poly(terthiophene) (oral presentation), International Conference of
Synthetic Metals (ICSM), Wollongong, Australia, 2004.

Tsekouras, G., Too, C.O., Officer, D.L. and Wallace, G.G., Electrochemistry and
photovoltaic characteristics of terthiophene and derivatives (oral presentation), Interact,
Gold Coast, 2004.

Tsekouras, G., Too, C.O., Officer, D.L. and Wallace, G.G., Photovoltaic and
electrochromic

properties

of

poly(3-alkylthiophene)s

and

poly(4,4”-

didecyloxyterthiophene)s (poster presentation), 2nd International Conference on
Advanced Materials and Nanotechnology (AMN-2), Queenstown, New Zealand, 2005.

ABSTRACT

The utilisation of conducting polymers for photovoltaic applications represents the
possibility of low-cost production of solar electricity. The chemical modification of the
precursors used to prepare conducting polymers provides an avenue to the tuning of the
photovoltaic, rheological and solubility properties of conducting polymers to suit
photovoltaic applications.

Poly(thiophene)s have been widely utilised by researchers in the field of conducting
polymer photovoltaics. The present study in part considered the utilisation of a range of
thiophene precursors, in particular terthiophene derivatives, for the preparation of
polymeric photoactive layers within photoelectrochemical cells. These precursors
included a C60-substituted terthiophene derivative, 3-alkylthiophenes and ethersubstituted terthiophenes. Polymers synthesised from 3-alkylthiophene derivatives were
also blended with a soluble C60 derivative to give composite films. Terthiophene itself
was used to prepare photoelectrochemical cells based on poly(terthiophene). The effects
of the conditions used to electrochemically grow poly(terthiophene), such as solvent,
electropolymerisation

technique

and

electropolymerisation

temperature,

were

investigated. In addition, the incorporation of commercially available anionic dyes and
cationic dyes into poly(terthiophene) during electropolymerisation and post-growth
electrochemical reduction, respectively, was considered.

The investigations made in this study may be classified according to one of the
following strategies for improving the photovoltaic efficiency of photoelectrochemical
cells based on poly(thiophene)s: controlling polymer morphology, enhancing light

absorption, improving exciton dissociation or increasing the efficiency of electron
transfer at the interface between the photoactive layer and liquid electrolyte. In this way
the investigations in this study were all targeted at improving a particular aspect of the
photovoltaic effect in photoelectrochemical cells.

In addition to the characterisation of the photovoltaic properties of the photoactive
materials prepared, such materials were also characterised using techniques that
included post-growth cyclic voltammetry, UV-Vis spectroscopy, photocurrent action
spectroscopy, scanning electron microscopy and in situ spectroelectrochemistry. The
results obtained from such characterisations gave an insight into the photovoltaic
properties observed, in addition to general information on the properties of the
photoactive materials investigated.
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Chapter 1: General Introduction

1.1

2

The Case for Photovoltaics

1.1.1 The Energy Crisis

The growing demand for energy from an ever-increasing global population coupled to
the depletion of the earth’s finite resources of fossil fuels represents one of the greatest
challenges known to human kind. For one of the major fossil fuels, oil, it was estimated
that the point of maximum production was passed in the year 1999 [1]. This point of
maximum production, known as the ‘Hubbert Peak’, is also considered to correspond to
the midpoint of the depletion of the earth’s total oil resources. According to predictions
made by Campbell, world oil production will drop to very low levels not long after the
year 2050 [1], meaning that more sustainable energy sources are required.

The burning of fossil fuels in order to meet the world’s energy needs has had major
detrimental affects on the environment, including an enhanced greenhouse affect due to
high carbon dioxide emissions. In turn, the enhanced greenhouse affect has led to an
increase in the mean global temperature, which has had a flow on effect of rising sea
levels that threaten much of the world’s coastal population. In addition, the burning of
fossil fuels for transportation needs, especially in large cities, has led to poor air quality
and associated health problems for urban populations.

Besides the energy crisis and environmental problems, the world’s continued reliance
on fossil fuels to meet the global demand for energy has influenced the foreign policy of
national governments around the world, leading to conflict and the preservation of
tyrannical regimes. The fine balance between supply and demand for oil also means that
disruptions to supply brought upon by natural phenomena (e.g. Hurricane Ivan, Gulf of
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Mexico, September 2004), militant sabotage of pipelines (e.g. in Iraq), striking workers
(e.g. in Nigeria), domestic political tensions (e.g. in Venezuela) and seasonal demand
(e.g. the Northern Hemisphere winter) make the world oil price volatile [2]. The recent
high prices for crude oil (as high as $US 55 per barrel in October 2004) have lead to
pressure on national economies.

The energy crisis, environmental degradation and political and economic problems
associated with the world’s continued reliance on fossil fuels to meet global energy
demand mean that greater efforts have to be put into the technological development and
implementation of sustainable and renewable energy sources.

1.1.2 Renewable Energy

Renewable energy is defined as energy harvested from a source that will never run out.
Examples of renewable energy include photovoltaic, solar thermal, wind, geothermal
and hydroelectric. Once in operation, renewable energy systems generally produce zero
emissions, which means that such systems are environmentally friendly. However, the
energy required to produce a renewable energy system must also be taken into
consideration. This is often reflected in the ‘energy payback’, the operational time
required for a renewable energy system to produce the energy consumed in its
production. For example, present photovoltaic systems have ‘energy payback’ periods
of 3-4 yrs, while wind energy systems typically show ‘energy payback’ periods of 3-4
months [3]. These ‘energy payback’ periods are much less than the typical lifetimes of
photovoltaic systems (~ 30 yrs) or wind energy systems (~ 20 yrs) [3], meaning that
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such renewable energy systems produce much more energy in their operational lifetime
than the energy used in their fabrication.

The urgent need to switch to sources of renewable energy has been recognised by
national governments around the world. At an international conference on renewable
energies attended by representatives of 154 countries held in June 2004 in Bonn,
Germany, individual countries set targets for the use of renewable energies to provide a
certain proportion of the total energy needs of their respective populations. This
included the People’s Republic of China, which pledged that renewable energies would
provide 10 % of its energy needs by the year 2010. Other pledges included those from
the Philippines, which has aimed for 40 % of national energy consumption to be
supplied by renewable energies by the year 2013, and the pledge by the European Union
that renewable energies will represent a 12 % share of total energy production by the
year 2010. In addition to targets for the use of renewable energy, Germany pledged a
further $US 500 million per year for 5 years in interest-free loans to developing
countries to encourage them to adopt clean forms of energy, in addition to the $US 1
billion announced in the year 2002 at the World Summit on Sustainable Development
[4].

The Australian Federal Government’s approach to renewable energies has been set out
in the Renewable Energy (Electricity) Act 2000 and in Securing Australia’s Energy
Future, the Energy White Paper released on 15th June 2004 [5]. A number of initiatives
formed part of these major renewable energy policies. The Photovoltaic Rebate
Programme (PVRP) (commenced 1st January 2000) provides rebates through the
Australian Greenhouse Office to homeowners and businesses that install photovoltaic
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systems. In addition to the PVRP, homeowners and businesses in New South Wales are
eligible for additional financial assistance through a rebate administered by the NSW
Department of Energy, Utilities and Sustainability (DEUS) [6]. The Mandatory
Renewable Energy Target (MRET) (announced 1st April 2001) sets a mandatory target
requiring the generation of 9500 GWh of extra renewable electricity per year by 2010,
enough power to meet the residential electricity needs of 4 million people. Solar Cities
(announced 15th June 2004) is a $75.3 million initiative targeting the mass installation
of solar energy technology and energy efficient measures through trials in Adelaide and
other electricity grid-connected urban areas around Australia [5]. The approach of
Australia to the promotion of the use of renewable energy systems is, however, not
without detraction. At present the Australian Federal Government has refused to ratify
the Kyoto Protocol on greenhouse gas emissions, the only other major industrialised
nation to do so besides the United States of America. Such a policy stance could be
considered as detraction from efforts to promote the use of renewable energy systems in
Australia.

The necessary increase in the proportion of energy demand to be met by renewables, in
light of the finite nature of fossil fuel resources, represents opportunities for economic
growth in the renewable energy sector. Dr Osman Benchikh, Program Specialist for
Renewable Energy at the United Nations Educational, Scientific and Cultural
Organisation (UNESCO), has pointed out that in Europe between 1996 and 2003, wind
power increased by 35 % annually, while the photovoltaic sector grew by 33 % in 2003.
In addition, Dr Benchikh noted that at present in Europe the renewable energy industry
has an annual turnover of € 10 billion [4]. The total revenue from the sale of
photovoltaic energy systems in the United States of America in 2000 exceeded $US 1.1
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billion [7], while some estimate that the photovoltaic industry is likely to have a
turnover of $US 100 billion within a decade [8]. Clearly, major economic gains are
possible for governments and companies that invest in the renewable energy sector.

Renewable energy systems represent the most appropriate solution to the problem of
supplying electricity to large populations not currently connected to the electricity grid
in the developing world. In this way, renewable energies, such as photovoltaics, could
provide electricity to one third of the world’s population, including ~ 70 % of the
population of Africa, that currently lacks access to an electricity grid [4, 8].

Photovoltaic energy systems have particular advantages over other renewable energy
systems, such as wind and solar thermal energy systems, in the urban context. The lack
of any moving parts means that photovoltaic energy systems have zero noise emissions
[6]. Thin film solar cells have enabled the development of unobtrusive buildingsintegrated photovoltaic products such as rooftop shingles, roof tiles and building
facades [9, 10].

1.1.3 Current Photovoltaic Energy Systems

The vast majority (~ 95 %) of commercial photovoltaic energy systems are based on
silicon [8]. The typical efficiency of such silicon-based commercial photovoltaic energy
systems is in the order of 15 % [9]. There are 3 main types of silicon used to prepare
solar cells: monocrystalline, polycrystalline and amorphous. The starting material used
to prepare monocrystalline silicon must be refined to a purity of 99.9999 % [10]. This
coupled to the use of high temperatures required to melt the silicon means that the cost
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of solar cells based on monocrystalline silicon inhibits their widespread application.
Solar cells based on polycrystalline silicon are much cheaper than those based on
monocrystalline silicon since the starting material need not be of the same high purity
grade. However, inherent to the polycrystalline structure are boundaries that impede
electron flow and lead to recombination between electrons and holes that decrease the
efficiency of the solar cell. Thin-film solar cells based on amorphous silicon are widely
considered to offer the best long-term prospects for very low production costs. The
main reason for this is that less silicon is required to produce thin-film solar cells since
amorphous silicon absorbs solar radiation ~ 40 times more efficiently than
monocrystalline silicon, meaning that a thickness of ~ 1 µm can absorb ~ 90 % of
incident solar radiation [10]. Although amorphous silicon absorbs incident radiation
more efficiently compared to monocrystalline silicon, the overall efficiency of thin-film
solar cells is generally less than half that of solar cells based on monocrystalline silicon
[7]. This is due to the relatively poor charge flow in amorphous silicon compared to
monocrystalline silicon. In addition, amorphous silicon can be used to prepare buildingintegrated photovoltaic products such as rooftop shingles, roof tiles and building
facades [9].

The major inhibiting factor to the widespread adoption of photovoltaics for electricity
generation is cost. A solar power system that produces enough electricity for a
residential home typically costs around $AUD 20,000 [6]. Even with government
rebates, such solar power systems will not repay the original outlay until a significant
number of years have passed, making the installation of solar power systems
economically unattractive to homeowners. There is a definite need therefore that
cheaper alternatives to silicon are developed in an effort to make photovoltaic energy
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systems more affordable and thereby increase the probability that solar power will
supply a greater proportion of the energy needs of the world’s population.

Conducting polymers (CPs) represent a recently discovered class of materials that have
the potential to make photovoltaic energy systems more affordable in the future. The
chemical modification of the precursors used to prepare CPs provides an avenue to the
modification of the photovoltaic, rheological and solubility properties of CPs to suit
photovoltaic applications. A range of CP precursors are already commercially available
on an industrial scale. The ability to impart solubility on CPs (e.g. through the use of
alkylated precursor monomers) means that photovoltaic CPs have the potential to be
sprayed like paint over large surface areas and be processed using reel-to-reel mass
production techniques. Such industrial-scale processing techniques suggest that
photovoltaic energy systems based on CPs have the potential for low cost mass
production.

1.2

Introduction to Conducting Polymers

The first conducting polymer (CP) was prepared in the year 1977 [11, 12]. The
conductivity of the conjugated polymer poly(acetylene) was raised by several orders of
magnitude when doped with species such as bromine, iodine and AsF5. For the first
time it was shown that conjugated polymers, up to that point considered as inherent
insulators, could be made to conduct electricity. The discovery and development of CPs
led to the awarding of the Nobel Prize in Chemistry to MacDiarmid, Shirakawa and
Heeger in the year 2000.
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Some of the more commonly investigated CPs include poly(acetylene) (PA), poly(pphenylenevinylene)

(PPV),

poly(thiophene)

(PTh),

poly(pyrrole)

(PPy)

and

poly(aniline) (PAn), whose structures are illustrated in Figure 1.1. Common to all CPs
is a structure of alternating single (σ) and double (π) bonds, where the double (π) bond
is actually the combination of a single (σ) bond and overlapping out-of-plane pz
orbitals.

n

S

(a)

n

(b)

n

(c)

N
N

H n

n
H
(e)

(d)

Figure 1.1:

Structures

of

some

common

conducting

polymers

(CPs)

(a)

poly(acetylene) (PA), (b) poly(p-phenylene vinylene) (PPV), (c)
poly(thiophene) (PTh), (d) poly(pyrrole) (PPy) and (e) poly(aniline)
(PAn); ‘n’ represents the number of repeat units in the polymer chain.

The two most prevalent methods used for the synthesis of CPs are electrochemical
polymerisation

(often

referred

to

as

electropolymerisation)

and

chemical

polymerisation. Common to both methods is the use of an oxidative force that initiates
polymerisation and results in the ‘doping’ of the CP with counter anions. For
electropolymerisation, this oxidative force is attained by the application of anodic
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potentials, while chemical oxidants (e.g. ferric chloride, ammonium persulphate) are
used in chemical polymerisation. The polymerisation of thiophene is illustrated in
Figure 1.2, where “A-” represents a dopant anion that is incorporated during CP growth.

n

+

nA

-

AS

S

Figure 1.2:

+

-e-

n

Schematic representation of the polymerisation of thiophene to give
poly(thiophene) with the incorporation of a dopant anion “A-”.

The generally accepted mechanism of polymerisation leading to the formation of CPs is
shown in Figure 1.3, which illustrates the polymerisation of thiophene leading to
poly(thiophene) (modified from [13]). Polymerisation proceeds through the oxidation of
neutral monomer (1) yielding a radical cation monomer (2) that combines with another
radical cation monomer to give an intermediate dimer species (3). Upon the loss of two
protons the neutral dimer is obtained (4). Oxidation of the neutral dimer gives a radical
cation dimer (5) that reacts with a radical cation monomer to yield an intermediate
trimer species (6). The loss of two protons yields neutral trimer (7). The process
continues until a polymer is finally formed (8).

CPs in the oxidised, conducting form contain radical cations that are partially
delocalised over several monomeric units on the polymer backbone. These radical
cations are referred to as ‘polarons’. The application of an external electric field across a
CP in the oxidised, conducting form makes the polarons mobile and they begin to move
along the conjugated backbone by rearrangement of the double bonds. The motion of
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the positively charged polarons constitutes the passage of electrical current through the
CP [14].
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Figure 1.3:

Mechanism illustrating the polymerisation of thiophene to yield
poly(thiophene) through the formation of intermediate oligomeric
species (modified from [13]).
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One of the most utilised properties of CPs is their redox activity, or the ability of CPs to
be reversibly cycled between reduced (semiconducting) and oxidised (conducting)
states. Figure 1.4 illustrates the two extreme mechanisms possible during the cycling of
CPs between oxidised and reduced states. Figure 1.4(a) describes exclusive anion (A-)
expulsion for the maintenance of electrical neutrality upon CP reduction. Anion
expulsion is the dominant mechanism for relatively small and mobile dopant anions
such as chloride and nitrate. The other extreme mechanism for the maintenance of CP
neutrality upon reduction is cation (C+) incorporation, described in Figure 1.4(b). This
tends to be the dominant mechanism when the original dopant anion is relatively large
and immobile, as is the case for polyelectrolyte dopants such as poly(vinylphosphate)
[15].
+
(a)

A
S

0

+ e-

-

-e

+

-

S

n

+
A-

(b)
S

Figure 1.4:

+

C+

n

0

+ e-e

n

-

A-

A- C+
S

n

The extreme mechanisms possible for the maintenance of neutrality
during the cycling of CPs between oxidised and reduced states (a) anion
expulsion and (b) cation incorporation.

The nature of CP preparation offers the ability to almost infinitely vary the properties of
the final product. The chemical modification of the precursor monomer and the choice
of dopant anion enable the introduction of many and varied functionalities to CPs.
These are the reasons why CPs have found applications in many different fields of
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technological development. In the relatively short time since their discovery in 1977,
CPs have found application in fields as diverse as artificial muscles [16-18], chemical
and biological sensors [19-21], anti-corrosion coatings [22, 23], photovoltaic solar cells
[24-26] and electrochromic displays [27-29].

1.3

The Photovoltaic Effect in Conducting Polymers

According to the relative orientation of the out-of-plane pz orbitals along the conjugated
backbone of CPs, π-bonding or π*-antibonding energy bands are formed. Figure 1.5
illustrates the difference between a π-bonding energy band, where the pz orbitals are inphase (Figure 1.5(a)), and a π*-antibonding energy band, where the pz orbitals are outof-phase (Figure 1.5(b)) for poly(acetylene). The energy difference between the πbonding energy band and the π*-antibonding energy band is called the ‘band gap’, and
ranges between 1.5 eV and 3.0 eV in CPs [30]. The ‘band gap’ range of CPs make these
materials ideally suited to photovoltaic applications since it is known that the solar
spectrum has a peak intensity at 1.8 eV [31]. Using terminology borrowed from the
field of inorganic photovoltaics, the π-bonding and π*-antibonding energy bands found
in CPs are equated to valence and conduction bands, respectively.

(a)

(b)
n

Figure 1.5:

n

Schematic representation of in-phase pz orbitals yielding a π-bonding
energy band (a) or out-of-phase pz orbitals yielding a π*-antibonding
energy band (b) in poly(acetylene).
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The first step in the generation of the photovoltaic effect in CPs is the absorption of
incident radiation, as depicted in Figure 1.6. Electrons in the π-bonding orbital are
excited to higher energy in the π*-antibonding orbital by photons of sufficient energy.
The empty π-bonding orbital left behind is referred to as a ‘hole’, and is considered as
an individual carrier of positive charge. The electron-hole pair created as a result of
absorption is called a photoexcitation, however this is most commonly abbreviated to
‘exciton’. Figure 1.6 also graphically indicates the ‘band gap’.

Π*

hν

E

'band gap'

Π
'exciton'
= electron

Figure 1.6:

= 'hole'

Schematic representation of the absorption of incident radiation by CPs
showing the formation of an electron-hole pair, or ‘exciton’.

In photovoltaic cells based on inorganic semiconductors such as silicon, the internal
electric field between the opposite contacts automatically splits excitons into separate
electron and hole charge carriers. These charge carriers then migrate under the internal
electric field to opposite electrodes and electricity is produced. Unfortunately, this is not
the case in CPs since the excitons formed by absorption are bound and are not readily
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dissociated. Excitons formed in CPs are only split into separate charge carriers when
they encounter an interface between materials of different electron affinity, such as that
between a CP and aluminium. Figure 1.7 illustrates first the diffusion of a bound
exciton to the interface between a CP and aluminium followed by the dissociation of the
exciton at the interface and the migration of the separated charge carriers to opposite
electrodes. The need that excitons formed within CPs find an interface at which to
dissociate is one of the reasons why the overall efficiency of the best CP-based
photovoltaic cells is low (~ 2.5 %) compared to silicon-based photovoltaic cells (~ 15
%). This situation is further exacerbated by the very short distance that excitons formed
within CPs are able to diffuse before they recombine, estimated at between 6-8 nm for a
CP photovoltaic cell made using a bilayer between poly(p-phenylene vinylene) (PPV)
and C60 [32]. For the example cited this means that excitons formed more than 8 nm
from an interface would recombine and therefore not contribute to the photocurrent
output of the cell. Techniques developed to overcome the problem of exciton
recombination will be reviewed in the following sections.

Al

Al
(a)

Figure 1.7:

Al
(b)

Schematic representation of the splitting of excitons at the interface
between a CP and Al: diffusion of the exciton to the interface (a) is
followed by dissociation and the transport of electrons and holes to
opposite electrodes (b).
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Conducting Polymer Solar Cell Configurations

The two main configurations used for photovoltaic cells based on CPs are the Schottky
device and the photoelectrochemical cell (PEC). The Schottky device (Figure 1.8(a)) is
a solid-state photovoltaic cell where the active layer is sandwiched between a
transparent conducting oxide (typically Indium Tin Oxide (ITO)) on a supporting
substrate (typically glass) and a metallic contact (typically aluminium). Electrons
migrate to the metallic contact and holes migrate to the transparent conducting oxide. In
PECs (Figure 1.8(b)) an electrolyte containing a redox mediator (typically I3 -/I-) acts as
an intermediary between the active layer and the counter electrode, which is typically a
piece of ITO coated glass with an additional thin layer of platinum. Electrons migrate to
the platinum-coated ITO coated glass counter electrode and holes migrate to the
transparent conducting oxide. In both the Schottky device and PEC configurations, no
net chemical change occurs when the opposite electrodes are connected via an outer
loop, so that light is converted to electricity.

The details of the role of the electrolyte based on I3-/I- in PECs are illustrated in Figure
1.9, which shows the interactions that take place between the ITO, the active layer, the
electrolyte and the counter electrode. In the first of a chain of concerted events the
photoexcited active layer donates an electron to the electrolyte and in the process
reduces I3- to I-. The I- then diffuses to the platinum-coated counter electrode, which
catalytically regenerates I3- through an oxidation and in doing so accepts an electron.
This electron is then passed through the external circuit before arriving back at the ITO,
from where it is returned to the active layer. Thus the entire process is regenerative with
the net conversion of light to electricity.
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Figure 1.8: The two main configurations of solar cells based on CPs (a) Schottky
device and (b) photoelectrochemical cell (PEC).
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Figure 1.9: The role of the I3-/I- electrolyte in PECs illustrating the conversion of light
to electricity with no net chemical change.
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Progress in Conducting Polymer Photovoltaics

The following will review the progress to date in the utilisation of CPs for
photovoltaics, with particular focus on CPs based on poly(p-phenylene vinylene)s
(PPVs) and poly(thiophene)s (PThs), which are the most thoroughly investigated of all
CPs for photovoltaic applications. The review of PPVs will be limited to their use in
Schottky devices, while the utilisation of PThs in both Schottky devices and PECs will
be discussed.

A major theme in the following will be the use of blends between electron donor (Dtype) and electron acceptor (A-type) materials as the photoactive layer of organic solar
cells. This reflects the major trends in research into CP photovoltaics. In particular this
will consider blends between D-type PPVs and PThs and A-type materials, with a focus
on C60 derivatives. This focus on the use of C60 and its derivatives as A-type materials
stems from the discovery of photoinduced electron transfer from the PPV derivative
poly(2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene

vinylene)

(MEH-PPV) to

C60

(Figure 1.10), where (MEH-PPV)+ and C60- species were observed using light-induced
electron spin resonance spectroscopy (LESR) [33]. The use of blends between D-type
and A-type materials aims to solve the inherent problem of exciton recombination in
CPs.
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O

n

O

(a)

Figure 1.10: Structures of (a)

(b)

poly(2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene

vinylene) (MEH-PPV) and (b) C60 [33].

1.5.1 Utilisation of Poly(p-phenylene vinylene)s in Photovoltaics

Photovoltaic efficiencies as high as 3.3 % were reported in the year 2002 for a Schottky
device based on a blend between poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-pphenylene vinylene] (MDMO-PPV) and the C60 derivative [6,6]-phenyl C61-butyric acid
methyl ester (PCBM) (Figure 1.11) [34]. Interestingly, this result was achieved without
any thermal treatment of the device required to obtain comparable efficiencies in
Schottky devices based on blends between P(3AT)s and C60 derivatives (see section
1.5.2 below). This recent result shows that no great leap forward in photovoltaic
efficiency has been achieved since the year 1995 when Yu and co-workers [35] were the
first to take full advantage of the photoinduced charge transfer from MEH-PPV to C60
reported by Sariciftci and co-workers [33] in the year 1992. Yu and co-workers [35]
fabricated a Schottky device based on the blend between MEH-PPV and PCBM that
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showed a power-conversion-efficiency (PCE) of 2.9 %, representing a two orders of
magnitude increase in efficiency over the Schottky device based on MEH-PPV alone.

O

O
H3CO

n

O

(a)

(b)

Figure 1.11: Structure of (a) poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-p-phenylene
vinylene] (MDMO-PPV) and (b) [6,6]-phenyl C61-butyric acid methyl
ester (PCBM) [34].

The intimate mixing of D-type PPV derivatives and A-type C60 derivatives is critical in
determining the photovoltaic efficiency of Schottky devices based on blends between
these materials. The choice of solvent used to cast blends of PPV derivatives and C60
derivatives can dramatically influence the degree of mixing. One of the best examples
of this is found in the work of Shaheen and co-workers [24], who fabricated Schottky
devices based on blends between MDMO-PPV and PCBM. The PCE of 2.5 % obtained
when the blend was cast from chlorobenzene was a dramatic improvement on the PCE
of 0.9 % obtained when using toluene. Atomic force microscopy (AFM) revealed that a
rougher surface with clustered PCBM domains was obtained when using toluene
compared to chlorobenzene. The rougher surface was thought to result in poor
interfacial contacts between the active layer and cathode, while the formation of
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clustered PCBM domains was expected to decrease charge carrier mobility for
electrons. In a study on the optimisation of the blend ratio between MEH-PPV and C60
in Schottky devices by Gao and co-workers [36], the use of 1,2-dichlorobenzene
enabled the preparation of the optimum 1:4 mixture of MEH-PPV:C60. In previous
studies by the same authors the low solubility of C60 in toluene or xylene limited the
ability to study the effect of high proportions of C60 within the photoactive layer. Wienk
and co-workers [37] investigated the use of the 70-carbon equivalent of PCBM
([70]PCBM) in blends with MDMO-PPV to afford Schottky devices. The use of odichlorobenzene to cast MDMO-PPV:[70]PCBM blends greatly improved the
efficiency (up to a PCE of 3.0 % under AM1.5 illumination) of Schottky devices
compared to when chlorobenzene or o-xylene was used. AFM revealed that this was
attributed to the “demixing” on a very large scale of MDMO-PPV and [70]PCBM when
chlorobenzene or o-xylene was used.

In contrast to the control of morphology at the nanoscale by the appropriate selection of
solvent for casting, a novel approach to the formation of intimately mixed D-type PPV
and A-type C60 has been reported by Ramos and co-workers [38]. The authors discuss
the formation of a predefined nanoscopic phase-segregated network by covalent linking
of D-type and A-type materials. The photoactive layer was the copolymer (Figure 1.12)
formed by the Pd-catalysed cross-coupling reaction between a diiodobenzene carrying a
pendant methanofullerene and an oligo(p-phenylene vinylene). The copolymer obtained
was essentially a PPV backbone with pendant fullerenes at predefined intervals and was
solution processable. The Schottky device gave a short-circuit-current (Isc) of 0.42
mAcm-2 under illumination intensity of 1000 Wm-2, however the authors did not report
a value for PCE.
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Figure 1.12: Structure of the copolymer synthesised by the Pd-catalysed crosscoupling

reaction

between

a

diiodobenzene

with

pendant

methanofullerene and an oligo(p-phenylene vinylene) and utilised by
Ramos and co-workers [38].

Although investigations into solar cells based on blends between PPV derivatives and
C60 derivatives have given promising results, one of the main deficiencies has been the
rather poor stability of such devices under atmospheric conditions. Padinger and coworkers [39] undertook a systematic study of the degradation of photocurrent output of
Schottky devices based on the blend between MDMO-PPV and PCBM under different
thermal stressing. Degradation of the photocurrent was slowest for the device tested at
room temperature, while the fastest degradation was observed for the highest
temperature investigated. After 60 hrs of measurement, the device held at 67 °C had lost
~ 80 % of its original photocurrent, even though the experiment was carried out to the
exclusion of atmospheric oxygen. In an attempt to improve the environmental stability
of Schottky devices based on blends between MDMO-PPV and PCBM, Brabec and co-
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workers [40] blended these materials with polystyrene (PS). The introduction of a small
amount of PS (10 wt%) did not influence the photovoltaic performance of Schottky
devices significantly. In addition, the authors concluded that the incorporation of
conventional polymers, such as PS, would improve the rheological properties of
photoactive blends that would make large-scale production of organic solar cells more
practical.

The ability to produce organic solar cells on a large-scale was demonstrated by Shaheen
and co-workers [41] who implemented screen-printing technology to produce Schottky
devices based on the blend between MDMO-PPV and PCBM. A smooth MDMOPPV:PCBM film of 40 nm thickness was successfully screen-printed from chloroform
solution, quite remarkable given that screen-printed films in industrial processes usually
have a thickness of ~ 0.5 µm. Unfortunately, no photovoltaic efficiencies were reported
for devices under white light illumination.

Numerous investigations into the use of A-type materials other than C60 derivatives in
combination with D-type PPV derivatives have been reported. Yu and co-workers [25]
investigated Schottky devices based on blends between D-type MEH-PPV and an Atype cyano-substituted PPV derivative (Figure 1.13). The PCE of 0.9 % reported
represented a 20 x increase in efficiency over the MEH-PPV device and a 100 x
increase in efficiency over the CN-PPV device. In a similar study, Halls and co-workers
[42] considered Schottky devices based on blends between the same D-type material,
MEH-PPV, and a slightly different A-type cyano-substituted PPV (Figure 1.14). The
authors suggested that the utilisation of blends between D-type and A-type polymers
would allow both holes and electrons to be transported, while it was claimed that blends
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between D-type polymers and A-type molecular C60 derivatives only allow holes to be
effectively transported. The same authors later investigated Schottky devices based on
the bilayer between D-type PPV and an A-type perylene diimide derivative (Figure
1.15) [43]. More extensive investigations into the utilisation of perylene diimides were
carried out by Dittmer and co-workers [44, 45]. In one of these investigations [44],
Schottky devices based on the blend between D-type MEH-PPV and the same A-type
perylene diimide derivative as that investigated by Halls and co-workers [43] were
fabricated. The authors claimed the efficiency of photoluminescence (PL) quenching (a
measure of the efficiency of exciton dissociation) for such devices was more than an
order of magnitude higher compared to the MEH-PPV:CN-PPV blend investigated by
Halls and co-workers [42]. In a following investigation, Dittmer and co-workers [45]
found that thermal annealing led to improved photovoltaic properties for Schottky
devices based on the blend between D-type MEH-PPV and another A-type perylene
diimide derivative (Figure 1.16). AFM revealed that annealing led to the formation of a
network of interconnected perylene microcrystals that resulted in enhanced electron
transport and therefore improved photovoltaic properties. Beek and co-workers [46]
fabricated hybrid solar cells from blends between organic D-type MDMO-PPV and
inorganic A-type ZnO nanoparticles that showed a PCE of 1.6 %. Transmission electron
microscopy (TEM) of blend films cast from a common solvent revealed the intimate
mixing of MDMO-PPV and ZnO nanoparticles. The motivation for the study was to
demonstrate the feasibility of replacing C60 derivatives with alternative low-cost ZnO
nanoparticles as the A-type material in solar cells.
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Figure 1.13: Structure of the cyano-substituted PPV derivative investigated by Yu and
co-workers [25] as an A-type material.
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Figure 1.14: Structure of the cyano-substituted PPV derivative investigated by Halls
and co-workers [42] as an A-type material.
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Figure 1.15: Structure of the perylene diimide derivative utilised by both Halls and
co-workers [43] and Dittmer and co-workers [44] as an A-type material.
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Figure 1.16: Structure of the perylene diimide derivative investigated by Dittmer and
co-workers as an A-type material [47].

1.5.2 Utilisation of Poly(thiophene)s in Photovoltaics

PThs have been widely investigated as materials for photovoltaic applications.
Functionalisation of the precursor monomer enables the properties of the final polymer,
such as solubility and band-gap, to be tuned as desired. As a result of the wide
versatility of PThs, they have been utilised in photoactive layers, counter electrodes and
as hole transporting materials. The following will consider the wide utilisation of PThs
in photovoltaics.

Recently, PCE values as high as 3.85 % have been reported for Schottky devices based
on an interpenetrating blend between D-type poly(3-hexylthiophene) (P(3HT)) (Figure
1.17) and the A-type C60 derivative PCBM [48]. A similar overall PCE of 3.5 % was
also obtained by Padinger and co-workers [49] for Schottky devices also based on the
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blend of P(3HT) and PCBM. This result was obtained only after the post-production
treatment of the devices, involving thermal annealing in combination with the
application of an electric field across the device which was thought to have oriented the
polymer chains of the P(3HT). The fact that the best efficiencies have been obtained
using blends of P(3HT) and PCBM reflects the tendency of research into PThs for
photovoltaics to concentrate on the use of blends between poly(3-alkylthiophene)s
(P(3AT)s) and C60 derivatives.

C6H13

S

n

Figure 1.17: Structure of poly(3-hexylthiophene) (P(3HT)).

The primary reason for the wide spread investigations into Schottky devices based on
blends of P(3AT)s and C60 derivatives is the photoinduced electron transfer from CPs to
C60 first reported by Sariciftci and co-workers [33] for the combination of MEH-PPV
and C60. Photo-induced electron transfer between PThs and C60 has since also been
reported. Marumoto and co-workers [50] observed photoinduced electron transfer from
poly(3-octylthiophene) (P(3OT)) to C60 by LESR while Sensfuss and co-workers [51]
similarly observed photoinduced electron transfer from poly(3-dodecylthiophene)
(P(3DDT)) to C60 and PCBM. The combination of the phenomenon of photoinduced
electron transfer with the ability to mix D-type and A-type materials on an exciton
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diffusion length scale means that all excitons formed within a ‘blend heterojunction’
can be split into separate charge carriers which may then contribute to output
photocurrent.

The effect of the alkyl chain length on the photovoltaic performance of organic solar
cells based on P(3AT)s has been studied closely. A number of studies have shown that
photovoltaic performance diminishes as the length of the alkyl chain is increased. One
of the more comprehensive studies on the effect of the alkyl chain length was made by
Camaioni and co-workers [52], who considered the photovoltaic performance of
Schottky devices based on regiorandom P(3AT)s with butyl, hexyl, octyl and decyl
chains. A steady fall in the photovoltaic efficiency was observed with increasing alkyl
chain length, thought to be due to an increase in the interlayer spacing resulting in a
decrease in inter-chain charge carrier mobility. Similar conclusions were reached by
Takayama and co-workers [53], who considered the photovoltaic performance of
Schottky devices based on regioregular P(3AT)s with butyl, hexyl, decyl and octadecyl
chains. The steady fall in photocurrent observed with increasing alkyl chain length was
correlated to the fall in the measured time-of-flight mobilities. Other studies have also
shown that Schottky devices based on P(3HT) showed better efficiency than those
based on P(3OT) [54, 55]. In a slight variation, Casalbore-Miceli and co-workers [56]
considered the effect of alkyl chain length on the photovoltaic properties of polymers
electrochemically

prepared

from

4,4”-dipentoxy-3’-alkyl-2,2’:5’,2”-terthiophenes

(Figure 1.18) with hexyl, octyl and dodecyl alkyl chains. The Isc was found to decrease
steadily with increasing inter-chain distance as measured by X-ray diffraction (XRD)
spectrospcopy as the alkyl chain length increased. The authors suggested that larger
inter-chain distances would compel excitons to be localised on polymer chains, leading
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to a decrease in inter-chain charge carrier mobility and a corresponding decrease in
exciton dissociation.

OC5H11

C5H11O

S
S

S

R

Figure 1.18: Structure of 4,4”-dipentoxy-3’-alkyl-2,2’:5’,2”-terthiophene that was
utilised as a polymer precursor by Casalbore-Miceli and co-workers (R =
-C6H13, -C8H17 or -C12H25) [56].

The regioregularity, or the ratio between head-to-tail (HT) and head-to-head (HH)
coupling of monomers within the polymer backbone, is critical in determining the
electrical and optical properties of P(3AT)s. The HH and tail-to-tail (TT) couplings that
characterise regiorandom polymers increase the steric hindrance and torsion angle
between consecutive rings, resulting in a decrease in the overlap of π-orbitals and a
subsequent shortening of the mean conjugation length [57]. Schematic representations
of regioregular and regiorandom P(3AT)s are shown in Figure 1.19. The negative
impacts of regiorandom monomer couplings also influence the photovoltaic
performance of devices based on P(3AT)s. The effect of regioregularity was
investigated by Camaioni and co-workers [57] for Schottky devices based on P(3AT)s
with butyl or octyl alkyl chains. Regioregular P(3AT)s were synthesised via crosscoupling polymerisations (HT:HH ratio > 99 %) while regiorandom P(3AT)s were
synthesised via oxidative polymerisation using FeCl3 (HT:HH ratio ~ 70 %). The
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efficiency of devices based on regioregular polymers was substantially higher than that
of devices based on analogous regiorandom polymers. This finding was attributed to the
enhanced charge transport properties of the regioregular polymer due to higher
structural order. Takayama and co-workers [53] state that regioregularity of P(3AT) is
one of the main factors in determining the efficiency of devices. They point out that the
photocurrent of devices based on regioregular P(3HT) was ~ 20 x that of devices based
on regiorandom P(3HT).
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Figure 1.19: Schematic representation of (a) regioregular and (b) regiorandom
P(3AT).

The thermal annealing of Schottky devices based on blends of P(3AT)s and C60 and its
derivatives has been frequently utilised as a way to improve photovoltaic performance.
Padinger and co-workers [49] observed a dramatic improvement in the PCE of devices
based on P(3HT)/PCBM blends, from 0.4 % without annealing to 2.5 % after annealing
at 75 °C for 4 min. Using a soluble fulleropyrrolidine derivative (Figure 1.20) instead of
PCBM, Camaioni and co-workers [54] showed that thermal annealing of a device based
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on a blend of P(3HT) and the fulleropyrrolidine at 55 °C for 30 min gave an increase in
PCE from 0.17 % to 0.52 %. The explanation often given for the dramatic
improvements in photovoltaic efficiency after thermal annealing is that the charge
carrier mobility inside the photoactive layer is enhanced due to increased polymer
crystallinity. The benefits of thermal annealing have also been demonstrated for devices
besides those that utilise C60 derivatives. Dittmer and co-workers [47] showed that the
photovoltaic efficiency of Schottky devices based on blends between P(3HT) (D-type)
and a perylene diimide derivative (A-type) (Figure 1.16) were increased by a factor of
1.6 x when annealed at 80 °C for 1 hr. This was partially attributed to increased
crystallinity of the P(3HT) component, however electron “detrapping” resulting from
the driving out of perylene molecules from P(3HT) domains, characterised by atomic
force microscopy (AFM), was also suggested as a possible reason for the enhanced
photovoltaic efficiency.

CH3

O

N
O

Figure 1.20: Structure of the soluble fulleropyrrolidine derivative investigated by
Camaioni and co-workers [54] in combination with P(3AT)s.
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An interesting yet not thoroughly investigated way of achieving control over the
separation of PTh and C60 derivatives at the nanoscopic level is by covalent attachment
of C60 moieties to the PTh backbone. One of the few examples of such an approach is
provided by Murata and co-workers [58], who electropolymerised the C60-terthiophene
dyad shown in Figure 1.21. As motivation the authors claimed that the problem of phase
aggregation in simple blends between CPs and C60 derivatives could be avoided by
utilising CPs that bear pendant C60 cages.

S
S

S

R

Figure 1.21: Structure of the terthiophene-C60 dyad investigated by Murata and coworkers (R = -H or -CH3) [58].

As alluded to above in the discussion of the work by Dittmer and co-workers in the
preparation of Schottky devices based on blends between P(3HT) and a perylene
derivative [47], A-type materials other than C60 and its derivatives may be used in
combination with PThs to afford photovoltaic devices. Tan and co-workers [59] also
used a perylene diimide derivative as an A-type material and combined it with D-type
copolymers (Figure 1.22) based on the 3-butylthiophene unit and thiophene units with
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either pendent vinylene ferrocene or cyanovinylene ferrocene groups to afford bilayer
Schottky devices. Tada and co-workers [60] blended D-type P(3HT) with an A-type
cyano-substituted PPV derivative (Figure 1.23) and constructed Schottky devices that
showed greatly enhanced Isc (1.3 µAcm-2) compared to devices based on pure P(3HT)
(0.05 µAcm-2) or pure cyano-substituted PPV (0.02 µAcm-2). In a following paper by
the same authors D-type P(3HT) was blended with A-type poly(p-pyridyl vinylene)
(P(PyV)) (Figure 1.24) and Schottky devices fabricated [61]. The Isc of the blend device
(6.0 µAcm-2) was more than two orders of magnitude higher than that for the device
based on single layer P(3HT) (0.025 µAcm-2) and was ascribed to photoinduced
electron transfer from P(3HT) to P(PyV). Granstrom and co-workers [62] fabricated
Schottky devices based on the bilayer between D-type poly(3-(4-octylphenyl)thiophene)
and an A-type cyano-substituted MEH-PPV (Figure 1.25) that showed a PCE of 1.9 %
under AM1.5 illumination. P(3DDT) was blended together with either metal-free or
metallated porphyrin and the blend fabricated into Schottky devices by Takahashi and
co-workers [63]. The authors suggested that the P(3DDT) acted as the D-type material
while the porphyrins acted as the A-type material. Roman and co-workers [64]
demonstrated a Schottky device based on the blend between D-type poly(3-(4octylphenyl)-2,2’-bithiophene) and A-type poly(2-(2,5-bis-(ethylhexyloxy)phenyl)-1,4phenylene vinylene), which showed a photovoltaic efficiency of 1.75 %. Huynh and coworkers [65] fabricated organic-inorganic hybrid solar cells by combining D-type
P(3HT) with A-type CdSe nanorods and obtained an overall PCE of 1.7 %. The authors
were able to tune the ‘band gap’ of the CdSe nanorods by control of the nanorod radius
in order to match the absorption spectrum of the solar cell to the solar spectrum.
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Figure 1.22: Structures of the copolymers synthesised between 3-butylthiophene and
(a) vinylene ferrocene thiophene or (b) cyanovinylene ferrocene
thiophene and utilised by Tan and co-workers [59].
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Figure 1.23: Structure of the cyano-substituted PPV derivative used as an A-type
material by Tada and co-workers [60].
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Figure 1.24: Structure of poly(p-pyridyl vinylene) investigated by Tada and coworkers as an A-type material [61].
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Figure 1.25: Structures of the D-type poly[3-(4-octylphenyl)thiophene] (a) and the Atype cyano-substituted PPV (b) investigated by Granstrom and coworkers [62].

Besides their widespread investigation as components of Schottky devices, PThs have
also been utilised in PECs by a number of research groups. The most notable efforts in
the area of PTh-based PECs have been made by Yohannes and co-workers at Addis
Ababa University in Ethiopia [66-70], Gazotti and co-workers at Campinas University
in Brazil [71, 72], and Too and co-workers at Wollongong University, Australia [7377]. The following will consider the investigations made by these research groups into
PECs that utilise PThs.

The only common PTh investigated by the above-mentioned research groups was
electrochemically prepared poly(3-methylthiophene) (P(3MT)). With the exception of
the use of a fully flexible poly(ethylene terephthalate) (PET) substrate in the work of
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Gazotti and co-workers [71], the P(3MT)-based PECs were all very similar and
employed a solid polymer electrolyte containing the I3-/I- redox mediator. The best Isc
was 1.23 µAcm-2 under illumination intensity of 317 Wm-2 reported by Too and coworkers [73]. This was followed by the 1.0 µAcm-2 reported by Gazotti and co-workers
[71] and the 0.35 µAcm-2 reported by Yohannes and co-workers [66], both of which
were obtained under illumination intensity of 1000 Wm-2. The following will consider
the diversionary investigations carried out by the above-mentioned research groups in
Ethiopia, Brazil and Australia.

Yohannes and co-workers have constructed PECs employing a solid polymer electrolyte
containing a I3-/I- redox mediator and using spin-coated photoactive layers of P(3HT)
[70], P(3OT) [67], poly[3-(4-octylphenyl)thiophene] (Figure 1.25(a)) [68] and poly[3(4-octylphenyl)-2,2’-bithiophene] (Figure 1.26) [69]. Isc values obtained under an
illumination intensity of 1000 Wm-2 were generally low and ranged from 0.04 µAcm-2
for PECs based on P(3OT) up to 0.4 µAcm-2 for PECs based on poly[3-(4-octylphenyl)2,2’-bithiophene]. One of the reasons for the low Isc values was the use of a solid
polymer electrolyte. This is especially evident when compared to the Isc values routinely
obtained by Too and co-workers for PECs employing a liquid electrolyte, which will be
discussed later. The rationale offered by Yohannes and co-workers for the use of a solid
polymer electrolyte was that liquid electrolytes are generally not suitable for the longterm stability of PECs due to losses via evaporation and leaks through holes or cracks in
the sealant [70]. In addition to the measurement of the usual photovoltaic parameters
such as Isc and Voc, Yohannes and co-workers also characterised all of their PECs using
photocurrent action spectroscopy for illumination through both the ‘front’ (counter
electrode) and ‘back’ (photoanode) sides. In all cases the active site of exciton

Chapter 1: General Introduction

37

dissociation was determined to be at the interface between the photoactive layer and
solid polymer electrolyte.

C8H17

S
S
n

Figure 1.26: Structure of poly[3-(4-octylphenyl)-2,2’-bithiophene] investigated by
Yohannes and co-workers [69].

As described earlier, Gazotti and co-workers have investigated PECs based on
electrodeposited P(3MT) [71]. The most significant aspect was that the PEC was fully
flexible due to the use of ITO-coated PET for the electrodes in place of ITO-coated
glass. This was an important demonstration of concept since flexible solar cells are
highly desirable, especially for integration into devices. In addition to the flexible
P(3MT)-based PEC, Gazotti and co-workers have also reported a PEC based on
electrodeposited poly(4,4’-dipentoxy-2,2’-bithiophene) (Figure 1.27) utilising a solid
polymer electrolyte [72]. An Isc value of 4 µAcm-2 was obtained under an illumination
intensity of 1000 Wm-2, which was considerably higher than the Isc values obtained
under the same illumination intensity by Yohannes and co-workers for PECs based on
various PThs and employing a solid polymer electrolyte (above).
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Figure 1.27: Structure

of poly(4,4’-dipentoxy-2,2’bithiophene)

investigated

by

Gazotti and co-workers [72].

Too and co-workers have fabricated PECs that generally utilise a liquid electrolyte
containing the I3-/I- redox mediator and are based on a large range of PThs. The effects
of using precursor monomers that contain electron withdrawing, electron donating or
light harvesting functionalities on the photovoltaic properties of the final PThs have
been thoroughly investigated, where the precursor monomers were synthesised by
Officer and co-workers at Massey University, New Zealand. Too et al [73] investigated
PECs

based

on

photoactive

layers

that

included

the

copolymers

of

tetraphenylporphyrin-substituted thiophene (TPP-Th) with 3-methylthiophene (3MT)
and 2,2’-bithiophene (BTh), and copolymers of tetraphenylporphyrin-substituted
terthiophene (TPP-TTh) with BTh and 2,2’:5’,2”-terthiophene (TTh). The structures of
TPP-Th and TPP-TTh are illustrated in Figure 1.28. Despite all of the efforts to
covalently attach porphyrin light harvesting molecules to the PTh backbone, the best
photovoltaic properties were obtained for PECs based on poly(terthiophene) (P(TTh)),
where the Isc was 123 µAcm-2 and the PCE was 0.021 % under illumination intensity of
500 Wm-2. Cutler et al [75] investigated PECs based on electrodeposited copolymers
formed through combination of p-substituted (E)-3-(styrylthiophene)s (Figure 1.29),
containing either electron withdrawing –NO2 and –CN groups or an electron donating –
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N(CH3)2 group, with BTh. Efforts to improve exciton dissociation through the covalent
attachment of electron withdrawing or electron donating groups to the PTh backbone
were not realised as the best photovoltaic performance was obtained for PECs based on
P(BTh), which showed an Isc of 30 µAcm-2 and a PCE of 0.003 % under illumination
intensity of 500 Wm-2. Chen et al [76] considered PECs based on copolymers between
trans-1,2-bis(3’-(2,2’:5’,2”-terthiophenyl)ethene (Figure 1.30) and TTh, which showed
maximum Isc of 475 µAcm-2 and PCE of 0.069 % under illumination intensity of 500
Wm-2. The best photovoltaic performance reported by Too and co-workers was for
PECs based on copolymers of a zinc-containing porphyrin substituted with two TTh
units (Figure 1.31) and TTh, which showed maximum Isc of 881 µAcm-2 and PCE of
0.116 % under illumination intensity of 500 Wm-2 [77].

N
NH

N
HN

NH

N

HN
N
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S
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Figure 1.28: Structures of the tetraphenylporphyrin-substituted thiophene (a) and
terthiophene (b) investigated by Too et al [73].
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Figure 1.29: Structure

of

the

co-monomers

based

on

p-substituted

(E)-3-

(styrylthiophene) investigated by Cutler et al (R = -NO2, -CN or –
N(CH3)2) [75].
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Figure 1.30: Structure

of

the

co-monomer

trans-1,2-bis(3’-(2,2’:5’,2”-

terthiophenyl)ethene investigated by Chen et al [76].
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Figure 1.31: Structure of the co-monomer of zinc-containing porphyrin substituted
with two terthiophene units utilised by Chen et al [77].

1.6

Aims of Study

The following will consider the utilisation of poly(thiophene)s (PThs) in
photoelectrochemical cells (PECs), with particular emphasis on the use of PThs
prepared using terthiophene (TTh) and its derivatives. Strategies for improving the
photovoltaic efficiency of PECs based on PThs will focus on controlling polymer
morphology, enhancing light absorption, improving exciton dissociation and increasing
the efficiency of electron transfer at the interface between the active layer and liquid
electrolyte.

Chapter 1: General Introduction

42

Chapter 3 will consider the effect of electropolymerisation conditions on the
photovoltaic properties of poly(terthiophene) (P(TTh)). This Chapter will establish the
intimate link between polymer morphology and photovoltaic properties.

The

doping

of P(TTh)

with

commercially

available

anionic

dyes during

electropolymerisation will be investigated in Chapter 4. The incorporation of dye
dopants will aim to improve the photovoltaic properties of P(TTh) by broadening
absorption in the UV-Visible spectrum.

Chapter 5 will investigate attempts to improve the photovoltaic properties of P(TTh) by
the utilisation of a C60-substituted TTh precursor. The preparation of a range of
copolymers between TTh and the C60-substituted TTh will enable control of the
frequency of pendant C60 groups on the P(TTh) backbone. The aim of the Chapter will
be to enhance photovoltaic properties by inducing enhanced exciton dissociation.

The preparation and characterisation of processable P(3AT)s with either hexyl or octyl
chains will be investigated in Chapter 6. The synthesis of such soluble P(3AT)s will
enable the preparation of PECs based on spin-coated blends of P(3AT)s with the C60
derivative PCBM. Similar to Chapter 5, Chapter 6 will consider the enhancement of
photovoltaic efficiency through enhanced exciton dissociation.

Chapter 7 will consider the photovoltaic properties of PECs based on polymers and
copolymers formed through the electropolymerisation of a range of ether-substituted
TThs. Attempts will be made to exploit the ether functionality of such polymers in order
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to complex Li+ cations, thereby enhancing electron transfer between the active layer and
the liquid electrolyte.

General conclusions to the present study are presented at the end of this thesis.

1.7
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Reagents and Materials

2,2’:5’2”-terthiophene (TTh) (Aldrich) (Figure 2.1), tetrabutylammonium perchlorate
(TBAP) (Fluka), acetonitrile (ACN) (Univar, APS), dichloromethane (DCM) (Univar,
APS), tetrahydrofuran (THF) (Univar, APS), ethanol (EtOH) (Univar, APS), iodine
(Univar, APS), tetrapropylammonium iodide (TPAI) (Aldrich), ethylene carbonate (EC)
(Aldrich) and propylene carbonate (PC) (Aldrich) were used as received.

S
S

Figure 2.1:

S

Structure of 2,2’:5’2”-terthiophene (TTh).

Indium Tin Oxide (ITO) coated glass (10 Ω Sq-1) was purchased from Delta
Technologies Ltd (USA), cut into appropriately-sized pieces (usually 1 cm x 1.5 cm),
ultrasonicated in isopropanol for 30 min and allowed to dry at ambient laboratory
temperature before use.

2.2

Instrumentation

The electrochemical hardware system used in this study comprised of an EG&G PAR
363 Potentiostat/Galvanostat, a MacLab 400 with Chart (v 3.5.7) and EChem (v 1.3.2)
software (ADInstruments) and a computer (Figure 2.2). This system was used to carry
out

electropolymerisations,

post-growth

electrochemical

characterisations

and

photovoltaic testing. UV-Vis spectra were recorded using a Shimadzu UV1601
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spectrophotometer. Scanning electron micrographs (SEMs) were obtained using a
Leica-Stereo SS440 microscope.

computer
MacLab 400

EG&G PAR 363
Potentiostat/Galvanostat

Figure 2.2:

2.3

Photograph of electrochemical hardware system used in this study.

Electropolymerisation

Electropolymerisations were carried out in a 3-electrode cell which comprised of an
ITO coated glass working electrode, Pt mesh auxiliary electrode and a Ag/Ag+ reference
electrode, which comprised of a Ag wire dipped in a solution containing 0.01 M AgNO3
and 0.1 M TBAP in ACN. In addition, the reference electrode utilised a salt bridge
containing 0.1 M TBAP in ACN. A schematic of the 3-electrode cell is given in Figure
2.3.
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Ag/Ag+
reference
electrode

salt bridge
Pt mesh
auxiliary
electrode
ITO coated glass
working electrode

Figure 2.3:

Schematic representation of the 3-electrode cell used in this study.

Electropolymerisation solutions always contained a monomer or a pair of comonomers
(usually in a 1:1 molar ratio) and a supporting electrolyte in much higher concentration
than the monomer or comonomers. The most commonly used supporting electrolyte
was TBAP, the concentration of which was always 0.1 M.

Three electropolymerisation techniques were used for the electrodeposition of polymers,
namely cyclic voltammetry (CV), constant current (CI) and constant potential (CE).
Cyclic voltammograms (CVs), chronopotentiograms and chronoamperograms were
recorded, respectively, during electropolymerisation using the electrochemical hardware
system described in section 2.2.
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Post-Growth Electrochemical Characterisation

Post-growth electrochemical characterisation of polymers was carried out in the same 3electrode cell as described in section 2.3, however the working electrode in this case
was a polymer-coated piece of ITO coated glass. The solution used was monomer-free
and most commonly contained 0.1 M TBAP in ACN. Polymers were characterised
using CV, where the lower and upper potential limits were selected in order that desired
anodic and cathodic features would be observed. Often a range of upper potential limits
was used in order to probe the electrochemical stability of polymers.

2.5

UV-Vis Spectroscopy

In general UV-Vis spectra were obtained for oxidised and reduced polymers over the
range 300-1100 nm. Typically the oxidised polymers were obtained by growing using
CI technique. Relatively thin polymer films were grown for this purpose. Following the
recording of the spectrum of oxidised polymer, samples were reduced using a negative
potential and the UV-Vis spectrum of reduced polymer recorded immediately.

2.6

Photoelectrochemical Cell Fabrication

The polymer-coated ITO coated glass samples prepared during electropolymerisation
(see section 2.3) were most often utilised as photoanodes within photoelectrochemical
cells (PECs). Samples were fully reduced prior to incorporation into PECs by applying
a reducing potential (usually – 0.5 V vs. Ag/Ag+) until a steady cathodic current close to
zero was obtained.
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Counter-electrodes for PECs were prepared by sputter coating a thin layer of Pt onto
ITO coated glass using a Dynavac Magnetron Sputter Coater model SC100MS.
Sputtering current was 50 mA and Ar pressure 2 x 10-3 mbar. These conditions gave a
deposition rate of 2 Ås-1. A Pt thickness of 10 Å was sputter coated.

The liquid electrolyte used for PECs was prepared by dissolving appropriate masses of
I2 and TPAI in a 1:1 (by weight) mixture of EC and PC to give concentrations of 60
mM I2 and 500 mM TPAI. In this way a triiodide/iodide (I3-/I-) redox couple was
established.

The layout of PECs prepared in this study is illustrated in Figure 2.4. PECs were
fabricated by placing a parafilm gasket containing a hole measuring 0.2 cm x 0.2 cm
over the polymer-coated ITO coated glass photoanode, followed by placing a drop of I3 /I- liquid electrolyte over the hole in the gasket. The Pt sputter-coated ITO coated glass
counter electrode was then placed on top, ensuring no air bubbles entered into the I3-/Iliquid electrolyte. The PEC was firmly held together using 2 alligator clips.

ITO

glass

I 3-/Iliquid
electrolyte
polymer
ITO

Pt

gasket
glass

Figure 2.4:

Layout of the photoelectrochemical cells (PECs) fabricated in this study.
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Photovoltaic Testing

Photovoltaic testing of PECs was carried out in a black box using a halogen lamp
(SoLux MR-16, Wiko Ltd) calibrated using a commercially available silicon photodiode
to an intensity of 500 Wm-2 and using the electrochemical hardware system described in
section 2.2. Linear sweep voltammetry (LSV) with lower potential limit of – 0.05 V,
upper potential limit of + 0.30 V and scan rate of 100 mVs-1 was used to obtain currentvoltage (I-V) curves both in the dark and under illumination. The characteristics of an
idealised I-V curve are shown in Figure 2.5. The short-circuit-current (Isc) is where the
potential is zero and the open-circuit-voltage (Voc) is where the current is zero. Currentat-peak-power (Ipp) and voltage-at-peak-power (Vpp) were also obtained from I-V
curves. With the values obtained the other important photovoltaic parameters of fillfactor (FF) and power-conversion-efficiency (PCE) were calculated according to
equations (1) and (2), respectively, where Il was the illumination intensity and A was
the surface area of the PEC. PECs were generally illuminated through the polymercoated ITO coated glass side since higher photocurrents were obtained this way
compared to illumination through the Pt-coated ITO coated glass side.

FF = (Ipp.Vpp / Isc.Voc) x 100 %

…………………………

(1)

PCE = (Isc.Voc.FF / Il.A) x 100 % …………………………

(2)

Once a set of optimum or seemingly optimum conditions for the preparation of any
given photoactive material was found, 3 samples were prepared using these conditions
and subsequently fabricated into PECs for photovoltaic testing. Accordingly the
photovoltaic parameters quoted for the best PECs based on all of the different
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photoactive materials prepared in this study reflect the results observed for the triplicate
preparations. Reported PCE values were accurate to within approximately ± 15 % for a
95 % confidence limit.

Current (I)

Isc
Ipp

PP

0
Potential (V)

Figure 2.5:

2.8

Vpp Voc

Characteristics of an idealised I-V curve.

Photocurrent Action Spectroscopy

Photocurrent action spectra were obtained by measuring the photocurrent with a
multimeter connected to PECs with output to a computer running LabView (v. 7) data
acquisition software. Photocurrents were recorded as a function of the wavelength of
monochromatic light sourced from a Yobin Yvon Horiba spectrofluorometer over the
range 300-700 nm at 10 nm intervals.

2.9

Spectroelectrochemical Characterisation

In-situ spectroelectrochemistry of polymers was performed in a 3-electrode cell where
the cell was a UV-Vis quartz cuvette with polymer-coated ITO coated glass working
electrode, Ag/Ag+ reference electrode, and ITO glass auxiliary electrode. The
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electrolyte solution was 0.1 M TBAP in ACN. A piece of plastic tube was used as a
spacer to keep the working and auxiliary electrodes pushed up against the walls of the
quartz cuvette and to allow for the placement of the reference electrode. Care was taken
to avoid placing the reference electrode in a way that would interfere with the incident
beam of the UV-Vis spectrophotometer, yet still be submerged in solution. A photo of
the 3-electrode quartz cuvette cell is illustrated in Figure 2.6.

Ag/Ag+
reference
electrode
ITO coated glass
auxiliary electrode
polymer coated
ITO coated glass
working electrode

Figure 2.6:

Photograph illustrating the 3-electrode quartz cuvette cell used for in situ
spectroelectrochemical characterisations.
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In-situ spectroelectrochemical characterisations were carried out by connecting an
EG&G PAR 363 Potentiostat/Galvanostat to the 3-electrode quartz cuvette cell, which
was placed in the sample holder of the UV-Vis spectrophotometer. A black cloth placed
over the sample chamber kept ambient light out. Following application of a potential,
the current was allowed to achieve a steady state close to zero before a spectrum was
recorded. The potential applied to polymer-coated ITO coated glass working electrodes
was increased in 0.1 V increments from a negative potential up to a positive potential
beyond which no substantial change to the recorded UV-Vis spectra was observed. This
corresponded to the switching of polymer-coated ITO coated glass samples from fully
reduced to fully oxidised.
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Introduction

This Chapter focuses on the effect of growth conditions on the photovoltaic efficiency
of photoelectrochemical cells (PECs) based on poly(terthiophene) (P(TTh)). Namely
this includes the effect of the solvent, electropolymerisation technique, upper potential
limit used during growth by cyclic voltammetry (CV) and electropolymerisation
temperature. Optimum growth conditions were combined in the hope of obtaining the
best photovoltaic properties for P(TTh).

Prior to the investigation of the effect of growth conditions, the general electrochemical
and photoelectrochemical properties of P(TTh) were investigated. This included the
electropolymerisation of terthiophene (TTh) leading to P(TTh), the electrochemical and
UV-Vis properties of P(TTh), and the current-voltage (I-V) characteristics and
photocurrent action spectroscopy of PECs based on P(TTh).

3.2

Experimental

For investigation of the general electrochemical and photoelectrochemical properties of
P(TTh), the electropolymerisation solution used contained 0.01 M TTh and 0.1 M
tetrabutylammonium

perchlorate

(TBAP)

in

acetonitrile

(ACN).

Post-growth

electrochemical characterisation was carried out in a solution of 0.1 M TBAP in ACN.

To investigate the effect of the solvent, an electropolymerisation solution containing
0.01 M TTh and 0.1 M TBAP in either tetrahydrofuran (THF), ACN or
dichloromethane (DCM) was employed. The constant current (CI) technique was used
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to prepare P(TTh) using a current density of 0.25 mAcm-2. Growth was terminated after
200 s for each sample at which point a charge density of 50 mCcm-2 had passed (charge
(Q) = current (I) x time (t)). In general, the mass of electrodeposited polymer is directly
proportional to the amount of charge passed during growth. All samples were fully
reduced at – 0.5 V prior to assembly into PECs.

For investigations on the effect of the electropolymerisation technique, the
electropolymerisation solution contained 0.01 M TTh and 0.1 M TBAP in ACN. The
use of CV, CI or constant potential (CE) techniques was investigated, with the amount
of charge passed kept constant at 125 mCcm-2 for each sample. This was achieved by
monitoring the amount of charge passed using a coulometer for CV and CE, while for
CI the amount of charge passed was controlled according to the electropolymerisation
time (Q = I x t). The amount of electrodeposited P(TTh) was always assumed to have
been directly proportional to the charge passed. An important parameter for each of the
3 growth techniques investigated was varied in order to be able to offer a more complete
appraisal of which growth technique gave the best results. For CV, scan rates of 50,
100, 200, 400 and 800 mVs-1 were investigated, with the lower and upper potential
limits kept constant at – 0.4 V and + 0.9 V, respectively. For CE, applied potentials of +
0.7, 0.8, 0.9, 1.0, 1.1 and 1.5 V were used. For CI, the use of current densities of 0.5,
1.0, 2.0, 4.0 and 8.0 mAcm-2 were investigated.

The effect of the upper potential limit used during growth of P(TTh) by CV was
investigated. The electropolymerisation solution contained 0.01 M TTh and 0.1 M
TBAP in ACN. A range of upper potential limits were investigated, namely + 0.9 V, +
1.0 V, + 1.1 V, + 1.2 V, + 1.3 V, + 1.4 V and + 1.5 V. The lower potential limit and
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scan rate were kept constant at – 0.5 V and 100 mVs-1, respectively. Importantly each
sample of P(TTh) was grown up to 150 mCcm-2 charge density to ensure that the same
amount of P(TTh) had been deposited for each sample.

For

investigations

into

the effect

of electropolymerisation temperature the

electropolymerisation solution contained 0.01 M TTh and 0.1 M TBAP in ACN.
Electropolymerisation was carried out by CI technique using a current density of 0.5
mAcm-2. Growth was carried out up to 100 mCcm-2 charge density. Consequently the
electropolymerisation time was 3 min 20 sec (Q = I x t). P(TTh) was grown at various
temperatures, namely 10, 30, 50 and 70 ºC. All temperatures were maintained using a
temperature-controlled bath.

For cross-sectional scanning electron microscopy (SEM) characterisations, ITO coated
glass working electrodes were scored with a glasscutter lengthways on the nonconducting side prior to use. Following electrodepostion of P(TTh), samples were
snapped along the score made prior to sample growth after dipping in N2

(l).

This

procedure induced brittle fracture of samples for the purpose of obtaining true crosssectional morphologies.
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Results and Discussion

3.3.1 General

Electrochemical

and

Photoelectrochemical

Properties

of

Poly(terthiophene)

A typical CV of a TTh solution (Figure 3.1) shows oxidation onset at + 0.65 V. The fall
in oxidation onset and increase in current with subsequent cycling of the potential
indicated the growth of conducting P(TTh) onto ITO coated glass.

6

I (mA)
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0
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-0.2
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-2
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-4
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Figure 3.1:

Growth of P(TTh) by CV to 10 cycles on ITO coated glass; lower
potential limit = - 0.4 V, upper potential limit = + 0.9 V, scan rate = 100
mV s-1; electropolymerisation solution: 0.01 M TTh and 0.1 M TBAP in
ACN.

The electroactivity of a typical sample of P(TTh) is demonstrated in the post-growth CV
shown in Figure 3.2. The electrochemical response of P(TTh) was stable, with very
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little change in the current response observed. A cathodic peak at + 0.53 V was
apparent, however no anodic peak appeared when using the upper potential limit of +
1.0 V. Previous experience in using an upper potential limit high enough to show an
anodic peak resulted in a permanent discolouration of P(TTh) from orange to
orange/brown, a sign of polymer degradation.
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Figure 3.2:

Post-growth CV characterisation of P(TTh) for 5 cycles; lower potential
limit = - 0.5 V, upper potential limit = + 1.0 V, scan rate = 100 mVs-1 ;
electrolyte: 0.1 M TBAP in ACN.

UV-Vis spectra of oxidised and reduced P(TTh) are shown in Figure 3.3. The spectrum
of oxidised P(TTh) (Figure 3.3(a)), which had a blue appearance, showed an absorption
at 400 nm (A) due to π-π* transition, peaks at 500 nm (B) and 615 nm (C) due to π*polaron transition, and a free-carrier tail at longer wavelengths (D) which is typical of
poly(thiophene)s. When P(TTh) was reduced (Figure 3.3(b)), the colour changed from
blue to orange, and peaks B and C, as well as free-carrier tail D, were lost. This is
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consistent with the loss of conductivity associated with de-doping. The reduced form of
P(TTh) showed one absorption peak only (A) attributed to the π-π* transition [1, 2].
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Figure 3.3:

UV-Vis spectra of P(TTh) (a) oxidised and (b) reduced.

Typical I-V characteristics of a PEC based on P(TTh) in the dark and under illumination
are illustrated in Figure 3.4. From the I-V curve recorded under illumination, the shortcircuit-current (Isc) and open-circuit-voltage (Voc) can be read directly from Figure 3.4
as the intercepts of the I and V axes, respectively. The PEC tested that gave the results
in Figure 3.4 showed Isc = 469 µAcm-2 and Voc = 136 mV. Through calculation this
particular PEC also showed fill-factor (FF) = 36.9 % and power-conversion-efficiency
(PCE) = 0.0413 %.

Figure 3.5 shows the normalised photocurrent action spectra of a PEC based on P(TTh)
when illuminated through the P(TTh)-coated ITO coated glass electrode (Figure 3.5(a))
and through the Pt-coated ITO coated glass electrode (Figure 3.5(b)). The normalised
UV-Vis spectrum of P(TTh) (reduced) is overlaid for comparison (Figure 3.5(c)). For
illumination through the P(TTh)-coated ITO coated glass electrode, the photocurrent
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action spectrum was ‘in-phase’ or ‘symbatic’ with the absorption spectrum of P(TTh).
This is consistent with the findings of Gazotti and co-workers who investigated solidstate PECs based on poly(4,4’-dipentoxy-2,2’-bithiophene) [3]. Conversely, for
illumination through the Pt-coated ITO coated glass electrode, the photocurrent action
spectrum obtained was ‘out-of-phase’ or ‘antibatic’ with the absorption spectrum of
P(TTh). This may be explained by the ‘filter effect’, where the incident light between
375 nm and ~ 550 nm was filtered out by the P(TTh) before it got to the site of exciton
dissociation. In turn, this means that the site of exciton dissociation was at the
P(TTh)/ITO interface. This is in contrast to the findings of Yohannes and co-workers in
their studies of PECs based on poly(3-alkylthiophenes) utilising a solid polymer
electrolyte [4-8], where photocurrent action spectra showed the active interface to be
that between the poly(3-alkylthiophene) and polyethylene oxide (PEO) based solid
polymer electrolyte.
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Figure 3.4:

Typical I-V characteristics in the dark and under illumination of a PEC
based on P(TTh).
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Figure 3.5:

Photocurrent action spectra of a PEC based on P(TTh) illuminated
through (a) P(TTh)-coated ITO coated glass side and (b) Pt-coated ITO
coated glass side. Absorption spectrum of reduced P(TTh) (c).

3.3.2 Effect of Solvent used for Growth of Poly(terthiophene)

An initial investigation into the effect of the solvent used for the growth of
poly(terthiophene) utilised the solvents DCM, ACN and PC and used the CV technique
to grow samples to the same charge density of 50 mCcm-2. The lower potential limit,
upper potential limit and scan rate were kept constant for each sample. Of particular
concern was the fact that the number of growth cycles required to reach the target
charge density of 50 mCcm-2 varied dramatically according to the solvent used, from a
minimum of 3 cycles when using ACN to a maximum of 19 cycles when using DCM.
The target charge density was reached after 10 growth cycles for growth from PC.
Although an effect of the solvent used, a variable rate of polymer growth was
undesirable for the purpose of the experiment. Therefore, the photovoltaic testing results
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of PECs based on P(TTh) grown from DCM, ACN and PC using CV technique were
not meaningful and are not presented here. This initial investigation illustrated the need
to growth P(TTh) at the same rate so that the only variable would be the solvent used.
The use of CI technique to grow P(TTh) in various solvents was therefore investigated.

P(TTh) did not grow readily from PC-based solution using CI technique. This meant
that PC could not be directly compared to DCM and ACN. As a result, THF, from
which P(TTh) could be grown by CI technique, was substituted for the study which
therefore compared the photovoltaic properties of P(TTh) grown from THF, ACN and
DCM.

The potential generated during growth of P(TTh) at a current density of 0.25 mAcm-2
was solvent-dependent, and was + 0.96 V in THF, + 0.69 V in ACN, and + 0.80 V in
DCM. The variation in the potential generated may have been due to different
interactions of each solvent with the TTh monomer that may have altered the oxidation
potential of TTh, or different degrees of dissociation of the supporting electrolyte with
variation of solvent polarity. The time required to fully reduce P(TTh) after growth
depended on the solvent from which it was grown. By applying a potential of - 0.5 V to
P(TTh) samples in their respective electropolymerisation solutions, it took ~ 45 sec to
fully reduce P(TTh) grown from THF, ~ 10 sec for ACN and ~ 15 sec for DCM. These
results correlate roughly to the potentials generated during growth, whereby the
potential generated during growth was the highest and the time required for complete
reduction was the longest when using THF. Conversely the potential generated during
growth was the lowest and the time required for complete reduction was the shortest
when using ACN.
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UV-Vis spectroscopy of P(TTh) samples grown from electropolymerisation solutions
based on THF, ACN and DCM all showed similar π-π* transition peaks after complete
reduction. This indicated that the choice of solvent had no effect on the conjugation
length of P(TTh).

After electrodeposition of P(TTh) from solutions based on THF, ACN and DCM, prereduced samples were fabricated into PECs and photovoltaic performance evaluated.
The triplicate results of photovoltaic testing were averaged to give the results in Table
3.1. P(TTh) grown from THF showed the best PCE of 0.0077 %, followed by ACN at
0.0071 % and DCM at 0.0046 %. Although the photovoltaic performance of P(TTh)
grown from THF was better than that from ACN, the patchy films of the former meant
that the use of THF for future investigations would be impractical. As a result, ACN
was chosen as the solvent of choice for P(TTh) growth in subsequent experiments.

Table 3.1:

Photovoltaic performance according to the solvent used during
electrochemical growth of P(TTh) (in each case grown to a charge
density of 50 mCcm-2).

Solvent

Isc (µAcm-2)

Voc (mV)

FF (%)

PCE (%)

tetrahydrofuran

106

117

31.1

0.0077

acetonitrile

89

135

29.6

0.0071

dichloromethane

86

95

27.8

0.0046

The role (or lack thereof) of P(TTh) morphology on the photovoltaic properties of
P(TTh) grown from THF, ACN and DCM is illustrated in the scanning electron
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micrographs (SEMs) in Figure 3.6. By observation, P(TTh) grown from THF was very
smooth, while P(TTh) grown from both ACN and DCM was only very slightly rougher.
It may therefore be concluded that morphology did not play a major role in determining
the relative photovoltaic properties of P(TTh) grown from THF, ACN and DCM.

(a)

(b)

(c)

Figure 3.6: SEMs of P(TTh) grown by CI using a current density of 0.25 mAcm-2 up
to a charge density of 50 mCcm-2 from (a)THF, (b) ACN and (c) DCM;
magnification = 1.58 x 103.

3.3.3 Effect of Electrochemical Technique used for Polymer Growth

The use of various scan rates during P(TTh) growth by CV technique did not change the
electropolymerisation time required to reach the target charge density of 125 mCcm-2,
and so the effect of scan rate was not expected to be significant in determining the
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photovoltaic properties of P(TTh) grown by CV. Conversely, the use of various current
densities for growth by CI and the use of various applied potentials for growth by CE
resulted in large variations in the electropolymerisation time required to reach the target
charge density.

Naked eye observations revealed that samples grown by CI and CE at relatively rapid
electropolymerisation rates exhibited smoother surface morphologies compared to
samples grown relatively slowly. This was especially evident for samples grown by CI
using current densities of 0.5 mAcm-2 and 8.0 mAcm-2.

The corresponding

electropolymerisation times were 4 min 10 sec and 0 min 16 sec, respectively. The
sample grown at 0.5 mAcm-2 did not appear to be permeable to light and exhibited a
rough surface. Conversely, the sample grown at 8.0 mAcm-2 appeared to show high
light transmittance and exhibited a very smooth surface.

Not all of the samples prepared were successfully fabricated into PECs and tested for
photovoltaic properties. Samples grown by CV at scan rates of 400 and 800 mVs-1 were
not tested at all due to uncertainty over the amount of P(TTh) deposited. For these
samples it appeared that the time at which the potential was high enough to give
electropolymerisation was not sufficiently long enough to yield P(TTh). Not all samples
grown by CE were tested either since the P(TTh) film failed during PEC fabrication for
applied potential of + 0.8 V, and failed during reduction at – 0.5 V following growth at
applied potential of + 1.5 V. The sample grown by CI at current density 1.0 mAcm-2
was not uniform and so was difficult to fabricate into a PEC due to uncertainty over the
active surface area. Samples grown by CI using current densities of 4.0 mAcm-2 and 8.0
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mAcm-2 were tested, however showed no photovoltaic effect. This was likely due to the
harsh electropolymerisation conditions associated with such high current densities.

The effect of electrochemical growth technique on the photovoltaic properties of
P(TTh) is shown in Table 3.2. The choice of technique was important, with P(TTh)
grown by CV showing the highest PCE values of 0.0239 % and 0.0242 % when using
scan rates of 50 mVs-1 and 100 mVs-1, respectively. P(TTh) grown by CI using a current
density of 0.5 mAcm-2 showed a comparable PCE of 0.0183 %, while PCE values
observed for P(TTh) prepared by CE were generally low, with the best value of 0.0082
% achieved for the sample grown using an applied potential of + 0.7 V. The reason why
P(TTh) grown by CV showed the best photovoltaic properties was possibly due to a
layer-by-layer process of electropolymerisation, whereby the polymer was completely
reduced at the end of each growth cycle prior to the electrodeposition of a new layer
(refer Figure 3.1). This would have likely led to higher molecular order and improved
charge transport properties. The results obtained here support the findings of Too et al
[9], where P(TTh) grown by CV showed the best photovoltaic properties, ahead of
P(TTh) grown by CI and CE.

3.3.4 Effect of the Upper Potential Limit used for Growth by Cyclic Voltammetry

The findings of section 3.3.3 suggested that the parameters used to grow P(TTh) by CV
should be further investigated. Variation of the upper potential limit used during growth
by CV seemed likely to induce interesting changes to the photovoltaic properties of
P(TTh). As a result upper potential limits ranging from + 0.9 V to + 1.5 V were
investigated.
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Table 3.2: Effect of electrochemical growth technique on the photovoltaic properties of
P(TTh) (grown to 125 mCcm-2 in each case).

Growth Technique Growth Parameter Isc (µAcm-2)

Cyclic Voltammetry
(CV)

Constant Potential
(CE)

FF (%)

PCE (%)

50 mVs-1

301

132

29.7

0.0239

100 mVs-1

314

124

30.2

0.0242

-1

200 mVs

192

114

28.0

0.0118

0.7 V

104

134

28.6

0.0082

0.9 V

54

114

31.3

0.0043

1.0 V

103

100

29.4

0.0058

1.1 V
Constant Current
(CI)

Voc (mV)

71

58

27.5

0.0021

0.5 mAcm

-2

226

140

28.0

0.0183

2.0 mAcm

-2

38

62

28.8

0.0012

Electropolymerisation times varied from ~ 10 min 30 sec using + 0.9 V upper potential
limit to ~ 1 min 45 sec using + 1.5 V upper potential limit in order to reach a charge
density of 150 mCcm-2. Inspection of the P(TTh) samples grown using upper potential
limits of + 1.3, 1.4 and 1.5 V showed a slight discolouration from the usual orange of
P(TTh) to orange/brown, possibly indicative of a partial overoxidation of these samples.
These slight discolourations were reflected in the photovoltaic properties of P(TTh)
samples grown by CV using various upper potential limits.

Figure 3.7 shows the photovoltaic performance parameters Isc, Voc and PCE as functions
of the upper potential limit employed during growth of P(TTh) by CV. A steady linear
downward trend was clearly observed in both Isc (Figure 3.7(a)) and PCE (Figure 3.7(c))
with increasing upper potential limit. No such linear downward trend in Voc (Figure
3.7(b)) was observed. Instead the Voc was relatively steady for upper potential limits
from + 0.9 V through to and including + 1.2 V, before falling almost linearly with

Chapter 3: Effect of Growth Conditions on the Photovoltaic Efficiency of P(TTh)-based PECs

75

respect to the upper potential limit of + 1.3 V and beyond. This fall in Voc values with
respect to the upper potential limit of + 1.3 V and beyond seemed to correspond with
the observation of the slight discolouration of these samples as mentioned above and
suggests an increase in the internal resistance of the PECs. The apparent partial
overoxidation of P(TTh) samples grown using upper potential limits of + 1.3, 1.4 and
1.5 V does not, however, explain the steady linear downward trends observed in both Isc
and PCE for all upper potential limits investigated. Other factors must have played a
role in the trends observed in Figure 3.7.
160

600

140

500
400

Voc (mV)

-2

Isc (µ Acm )

120

300
200

80
60
40

(a)

100

100

(b)

20

0
0.8

0

0.9

1

1.1

1.2

1.3

1.4

1.5

Upper Potential Limit (V)

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

Upper Potential Limit (V)

0.05

PCE (%)

0.04

0.03

0.02

(c)

0.01

0
0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

Upper Potential Limit (V)

Figure 3.7:

Photovoltaic performance parameters of P(TTh) grown by CV using
various upper potential limits: (a) Isc, (b) Voc and (c) PCE.
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The conjugation length of P(TTh) as a contributing factor to the trends observed in
Figure 3.7 was ruled out when UV-Vis spectra (not shown) of P(TTh) grown using
various upper potential limits showed essentially no shift in wavelength of maximum
absorption (λmax) values. SEM characterisation, however, showed that P(TTh)
morphology was the most important factor.

Figure 3.8 shows cross-sectional SEM images of P(TTh) grown by CV using various
upper potential limits. P(TTh) grown using an upper potential limit of + 0.9 V showed a
very open porous structure (Figure 3.8(a)). The thickness of P(TTh) films decreased
steadily with increasing upper potential limit, leading to the thin, dense morphology of
P(TTh) grown using an upper potential limit of + 1.5 V (Figure 3.8(d)). Figure 3.9 was
obtained by measurement of film thicknesses using the SEMs recorded, and shows the
steady decrease in P(TTh) film thickness with increasing upper potential limit.

Figures 3.8 and 3.9 show that P(TTh) was packed more tightly into thinner films with
increasing upper potential limit, leading to denser, less porous structures. This
suggested a decreasing surface area with increasing upper potential limit. Decreasing
surface area of P(TTh) films would lead to smaller contact area between P(TTh) and I3/I- liquid electrolyte in PECs. In turn, this would result in decreasing photocurrent since
not as many sites would be available where electrons could be moved from P(TTh) to
the I3-/I- liquid electrolyte. This decrease in P(TTh) surface area with increasing upper
potential limit was therefore the main reason for the steady downward trends in both Isc
and PCE illustrated in Figure 3.7. In addition, Figure 3.10 illustrates top-view SEMs for
P(TTh) samples grown using upper potential limits analogous to those in Figure 3.8.
Morphology generally became smoother as the upper potential limit was increased.
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Figure 3.8: Cross-sectional SEM images of P(TTh) grown by CV up to 150 mCcm-2
charge density using upper potential limits of (a) + 0.9 V, (b) + 1.1 V, (c) +
1.3 V and (d) + 1.5 V; magnification = 5 x 103.
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Figure 3.9: Thickness of P(TTh) films grown by CV as a function of upper potential
limit used during growth.
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Figure 3.10: Top-view SEMs of P(TTh) grown by CV up to 150 mCcm-2 charge
density using upper potential limits of (a) + 0.9 V, (b) + 1.1 V, (c) + 1.3
V and (d) + 1.5 V; magnification = 1.58 x 103.

3.3.5 Effect of Electropolymerisation Temperature

The potentials generated during P(TTh) growth by CI using a current density of 0.5
mAcm-2 depended to a limited extent on the electropolymerisation temperature. Figure
3.11 illustrates the slight fall in the potential required to maintain a 0.5 mAcm-2 current
density flow as the electropolymerisation temperature was increased. The observed
trend was probably due to the slightly higher mobility of ions in solution at higher
temperatures. It is likely that such small variations in the potential generated during
growth would not affect the photovoltaic properties of P(TTh).
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Figure 3.11: Potential generated during growth of P(TTh) by CI using a current
density of 0.5 mAcm-2 at various electropolymerisation temperatures.

Chronoamperograms

recorded

during

reduction

of P(TTh)

samples

in

the

electropolymerisation solution after growth for the various electropolymerisation
temperatures used are illustrated in Figure 3.12. Attempts to carry out corresponding
reductions of P(TTh) samples at room temperature in monomer-free electrolyte were
unsuccessful since samples appeared to spontaneously reduce when placed in solution,
as indicated by a change in P(TTh) sample colour from blue to orange. From Figure
3.12 it was possible to plot reduction time as a function of electropolymerisation
temperature, as shown in Figure 3.13. Reduction time was taken as the time required for
the cathodic current to reach a steady state close to zero. Practically, this was taken as
the point in time when the cathodic current was ≤ 0.020 mA. The time required to
reduce P(TTh) grown at 10 °C and 30 °C was relatively short (4.2 s and 5.7 s,
respectively) compared to P(TTh) grown at 50 °C and 70 °C (14.5 s and 15.5 s,
respectively). Qualitatively, the similarities in the magnitude of reduction times for
P(TTh) films grown at 10 °C and 30 °C, and for those grown at 50 °C and 70 °C,
suggested two distinct types of morphology.
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(c) 50 ºC and (d) 70 ºC.
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In addition to the reduction time, the reduction charge was obtained by integrating the
chronoamperograms in Figure 3.12. Figure 3.14 illustrates reduction charge as a
function of the electropolymerisation temperature. A steady decrease in the reduction
charge was observed with increasing electropolymerisation temperature, suggesting that
the actual amount of P(TTh) deposited on the ITO coated glass electrode was less at
higher temperatures. This likely reflects an increase in the solubility of sparingly soluble
short-chain oligomers of TTh at higher temperatures.

Absolute Reduction Charge (mC)

20

16

12

8

4

0
0

10

20

30

40

50

60

70

Electropolymerisation Temp. (°C)

Figure 3.14: Absolute reduction charge for the reduction of P(TTh) as a function of
electropolymerisation temperature.

The electropolymerisation temperature used to grow P(TTh) had a great influence on
the photovoltaic performance parameters of P(TTh)-based PECs (Figure 3.15). Namely,
this was characterised by the upward trends in Isc, Voc and PCE with increasing
electropolymerisation temperature. Though relatively minor, the upward trend in Voc
suggested that the internal resistance of PECs decreased slightly with increasing
electropolymerisation temperature. In turn this suggests that P(TTh) grown at higher
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temperatures was slightly more conductive than that grown at lower temperatures. This
may reflect the exclusion of sparingly soluble short chain oligomers at higher
electropolymerisation temperatures that was suggested to explain the results in Figure
3.14. Beyond discussions on the effect of electropolymerisation temperature on Voc, the
possible reasons for the significant increases in Isc and PCE with increasing
electropolymerisation temperature are discussed below.
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Figure 3.15: Photovoltaic properties of P(TTh)-based PECs as a function of
electropolymerisation temperature used to grow P(TTh): (a) Isc, (b) Voc
and (c) PCE.
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UV-Vis spectra of P(TTh) grown at different temperatures were essentially
indistinguishable, suggesting that conjugation lenght did not have any significant effect
on the photovoltaic properties of P(TTh). Having ruled out any significant affects on the
photovoltaic properties of P(TTh) due to the actual amount of P(TTh) present (from
Figure 3.14), the internal resistance of PECs (from Figure 3.15(b)) and conjugation
length, it was found that morphology was the main reason for the dramatic upward
trends in Isc (Figure 3.15(a)) and PCE

(Figure 3.15(c)) with increasing

electropolymerisation temperature. The link between electropolymerisation temperature,
morphology and photovoltaic performance of P(TTh)-based PECs is presented below.

Changes in P(TTh) morphology with electropolymerisation temperature are illustrated
in the top-view SEMs illustrated in Figure 3.16. SEM showed that growth at 10 °C
yielded a very smooth film (Figure 3.16(a)), which was assumed to have a relatively
low surface area. This is consistent with the relatively low PCE observed for PECs
based on P(TTh) grown at 10 °C (Figure 3.15(c)). P(TTh) grown at 30 °C showed the
formation of ‘islands’ on top of an apparently smooth layer (Figure 3.16(b)). This
morphology can be considered to have a relatively higher surface area compared to
P(TTh) grown at 10 °C, and explains why PECs based on P(TTh) grown at 30 °C
showed better PCE. P(TTh) grown at 50 °C (Figure 3.16(c)) or 70 °C (Figure 3.16(d))
showed an altogether different type of morphology characterised by holes that appeared
to extend deep into the P(TTh) film. Voids appeared to extend laterally underneath the
surface from the openings of such holes. In this way, high surface area films were likely
produced at 50 °C and 70 °C. Such high surface area films led to the upward trends in
Isc (Figure 3.15(a)) and PCE (Figure 3.15(c)) with increasing electropolymerisation
temperature.
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Figure 3.16: Top-view SEMs of P(TTh) grown at various electropolymerisation
temperatures: (a) 10 °C, (b) 30 °C, (c) 50 °C (d) 70 °C; magnification =
1 x 104.

Figure 3.17 illustrates the cross-sectional SEMs of P(TTh) grown at various
temperatures. A relatively thin, dense film was produced at 10 °C (Figure 3.17(a)).
Increasing the electropolymerisation temperature resulted in a general increase in the
thickness of P(TTh). This is represented formally in Figure 3.18 which shows the
thickness of P(TTh) films as a function of electropolymerisation temperature. The
sudden fall in P(TTh) thickness at 70 °C was due to the loss of electrodeposited material
during sample preparation. The formation of N2(g) when dipping samples into N2(l) led to
a loss of material for samples grown at 70 °C. The more open, porous structures formed
at higher electropolymerisation temperatures allowed a greater interaction between I3-/I-
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liquid electrolyte and P(TTh) within PECs. This in turn led to the large increases in Isc
(Figure 3.15(a)) and PCE (Figure 3.15(c)) as electropolymerisation temperature was
increased.

(a)

(b)

(c)

(d)

Figure 3.17: Cross-sectional

SEMs

of

P(TTh)

grown

using

various

electropolymerisation temperatures: (a) 10 ºC, (b) 30 ºC, (c) 50 ºC and
(d) 70 ºC; magnification = 1 x 104.

3.3.6 Combining Optimum Conditions for the Electrochemical Growth of
Poly(terthiophene)

The optimum growth conditions obtained from the preceding sections were combined to
prepare P(TTh). CV was used to grow P(TTh) with lower potential limit of - 0.4 V,
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upper potential limit of + 0.9 V and scan rate of 100 mVs-1. Growth was terminated
after 5 cycles, in which time a charge density of ~ 200 mCcm-2 had been passed.
Growth was carried out at an elevated temperature range of between 55-60 °C, which
was maintained by a thermostated water bath. The PECs fabricated from P(TTh)
prepared using the combined optimum conditions showed average photovoltaic
parameters of Isc = 888 µA cm-2, Voc = 152 mV, FF = 37.3 % and PCE = 0.101 %. The IV characteristics of this PEC in the dark and under illumination are shown in Figure
3.19.
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Figure 3.18: P(TTh) film thickness as a function of the electropolymerisation
temperature.

The best PCE of 0.101 % obtained in this study for P(TTh) was a significant
improvement on previously published values of 0.021 % [9] and 0.015 % [1] for liquid
electrolyte PECs based on P(TTh). In addition, the best PCE obtained in this study
compares favourably with liquid electrolyte PECs based on copolymers of terthiophene
with bisterthiophene (0.069 %) [10] and a porphyrin-functionalised bisterthiophene
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(0.116 %) [11]. The best Isc of 888 µA cm-2 obtained here was also vastly superior to the
values reported by Yohannes and co-workers for a variety of poly(3-alkylthiophene)based PECs utilising a solid polymer electrolyte (0.04 – 0.40 µA cm-2) [4-8].
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Figure 3.19: I-V characteristics in the dark and under illumination of the best PEC
based on P(TTh) prepared in this study.

3.4

Conclusions

P(TTh) was readily electrodeposited onto ITO coated glass. Growth by CV led to an
increasing current response with successive cycling of the potential, indicating the
growth of conducting P(TTh). Stable and reversible redox properties were observed
when electrodeposited P(TTh) was characterised by CV in a monomer-free electrolyte.
Oxidised and reduced P(TTh) were clearly distinguishable due to their respective blue
and orange colours, reflected in the very different absorption spectra. Oxidised P(TTh)
showed absorptions due to π-π* transition, π*-polaron transition and a ‘free carrier tail’,
while reduced P(TTh) only retained the peak due to π-π* transition. I-V curves recorded
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in the dark and under illumination for a PEC based on P(TTh) illustrated clearly the
presence of a photovoltaic effect. From the I-V curve recorded under illumination, the
photovoltaic performance indicators Isc, Voc, FF and PCE were determined.
Photocurrent action spectroscopy of a PEC based on P(TTh) revealed that the active site
of exciton dissociation was at the P(TTh)/ITO interface. This was concluded after a
filter effect was observed when the PEC was illuminated through the Pt-coated ITO
coated glass electrode.

Conditions for the growth of P(TTh) were found to have significant effects on its
photovoltaic properties. It was found that P(TTh) grown from THF solvent gave better
photovoltaic performance than P(TTh) grown from ACN or DCM solvent. However,
the patchy nature of P(TTh) grown from THF meant that the solvent of choice was
ACN. The electrochemical technique employed for P(TTh) growth was found to be
important, with growth by CV giving the best photovoltaic performance ahead of CI
and CE techniques. Further investigations into the CV technique showed that with
increasing upper potential limit used for P(TTh) growth, a general decrease in
photovoltaic performance was observed. Increasing the temperature at which P(TTh)
was grown, however, resulted in improved photovoltaic performance. The effects on
photovoltaic performance were mainly attributed to variations in P(TTh) morphology,
which were characterised using SEM. Improved photovoltaic performance was
observed for porous P(TTh) morphologies due to increases in the contact area between
P(TTh) and the liquid electrolyte. Combining the optimum conditions for the
electrochemical growth of P(TTh) yielded a PEC showing a PCE of 0.101 % under
halogen light (solar simulated) intensity of 500 Wm-2. This represents the best
efficiency ever reported for a PEC based on the P(TTh) homopolymer. These results
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show that it is possible to influence photovoltaic performance by tailoring the polymer
architecture using optimised polymer growth conditions.
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Introduction

There are numerous examples of the ‘doping’ of conducting polymers (CPs) with dyes
[1-10]. In such examples, however, the authors describe ‘doping’ as simply taking place
when CP/dye mixtures were cast from a common solvent. Such a definition of ‘doping’
is not the same with that presented in Chapter 1, which described it as a process that
takes place during CP growth or during redox cycling of CPs after growth by either
electrochemical or chemical means.

Previous studies on the incorporation of dyes as dopants during electrochemical growth
of CPs are few [11-13]. Hepel and co-workers [11] investigated the incorporation of the
cationic dye Methylene Blue during electrochemical growth of poly(pyrrole) (PPy) by
cyclic voltammetry (CV). In this study, methylene blue was incorporated during the
reverse potential sweep since the dopant anions used (e.g. anthraquinone-2-sulfontate)
were bulky and immobile (refer Figure 1.4(b)). Kato and co-workers [12] investigated
the incorporation of the cationic dyes Methylene Blue, Safrinine T and Rhodamine B
(Figure 4.1) into PPy and poly(thiophene) (PTh) during electrochemical reduction of
polymers (refer Figure 1.4(b)) and by diffusion into reduced films of tetrafluoroborate
(BF4-)-doped PPy and PTh. Murray and co-workers [13] incorporated the anionic dye
Erioglaucine (Figure 4.2(a)) during electrochemical growth of poly(terthiophene)
(P(TTh)) and, upon post-growth reduction, incorporated the cationic dye Brilliant Green
(Figure 4.2(b)) into the polymer structure.
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Please see print copy for Figure 4.1(a)
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Please see print copy for Figure 4.1(b)

Please see print copy for Figure 4.1(c)

(c)

Figure 4.1: Structures of the cationic dyes investigated by Kato and co-workers [12]
for incorporation into PPy and PTh films (a) Methylene Blue, (b) Safranine
T and (c) Rhodamine B.

Please see print copy for Figure 4.2(a)

(a)

Please see print copy for Figure 4.1(b)

(b)

Figure 4.2: Structures of (a) Erioglaucine and (b) Brilliant Green electrochemically
incorporated into P(TTh) by Murray and co-workers [13].

This Chapter considers attempts made to incorporate a range of commercially available
anionic and cationic dyes into P(TTh) during electropolymerisation and during
electrochemical reduction, respectively. It was expected that resultant broadening of the
absorption spectrum of P(TTh) would result in improved photovoltaic properties.
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The structures of the anionic dyes investigated are illustrated in Figure 4.3. Attempts
were made to incorporate the anionic dyes Sulforhodamine B (S-B), Patent Blue VF
(PB-VF), Naphthol Blue Black (NBB) and Xylene Cyanole FF (XC-FF) into P(TTh)
during electropolymerisation. In addition, the incorporation of a mixture of S-B and PBVF into P(TTh) during electropolymerisation was investigated. The following sections
will present results on the electrochemical growth of P(TTh) doped with anionic dyes
and characterisation of such materials by post-growth CV, UV-Vis spectroscopy,
photovoltaic testing, photocurrent action spectroscopy and scanning electron
microscopy (SEM).
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Figure 4.3:
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Structures of anionic dyes used (a) Sulforhodamine B (S-B), (b) Patent
Blue VF (PB-VF), (c) Naphthol Blue Black (NBB) and (d) Xylene
Cyanole FF (XC-FF).
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Finally the possibility of incorporating cationic dyes into P(TTh) doped with the anionic
dye S-B was investigated. The structures of the cationic dyes investigated, namely Ethyl
Violet (EV), Victoria Pure Blue BO (VPB-BO), Victoria Blue R (VB-R) and Crystal
Violet (CrV), are illustrated in Figure 4.4.
C 2H 5

C 2H 5

C 2H 5

N

C 2H 5
N

(b)

(a)
Cl-

Cl-

C

C

C 2H 5

C 2H 5

C 2H 5

C 2H 5

N

N

N

N

C 2H 5

C 2H 5

H

C 2H 5

H 3C

H 3C

CH 3

CH 3
N

N

(c)

(d)
Cl

Cl-

-

C

C
C 2H 5

CH 3

H 3C

CH3

N

N

N

N

H

CH3

CH 3

CH 3

Figure 4.4: Structures of cationic dyes used (a) Ethyl Violet (EV), (b) Victoria Pure
Blue BO (VPB-BO), (c) Victoria Blue R (VB-R) and (d) Crystal Violet
(CrV).

4.2

Experimental

Sulforhodamine B (S-B, ~ 75 % dye), Patent Blue VF (PB-VF, ~ 50 % dye), Naphthol
Blue Black (NBB, ~ 80 % dye), Xylene Cyanole FF (XC-FF, ~ 75 % dye), Ethyl Violet
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(EV, ~ 80 % dye), Victoria Pure Blue BO (VPB-BO, ~ 95 % dye), Victoria Blue R
(VB-R, ~ 85 % dye) and Crystal Violet (CrV, ~ 88 % dye) were all obtained from
Aldrich and used as received. Inorganic salts such as Na2SO4 and NaCl likely provided
the balance of composition in the dye chemicals.

Electrochemical growth was carried out using either CV or constant current (CI)
techniques using a range of parameters. For samples grown by CI, a potential of – 0.5 V
(vs. Ag/Ag+) was applied following growth until the cathodic current reached a steady
state in order to fully reduce the polymer prior to photovoltaic testing.
Electropolymerisation solutions contained 5 mM TTh and 50 mM of S-B, PB-VF, NBB
or XC-FF. Attempts to grow P(TTh)/S-B, P(TTh)/PB-VF and P(TTh)/XC-FF were
undertaken using ethanol (EtOH)-based solutions while attempts to grow P(TTh)/NBB
were made using an acetonitrile (ACN)-based solution. The electropolymerisation
solution used in attempts to prepare P(TTh) doped with a mixture of S-B and PB-VF
contained 5 mM TTh, 25 mM S-B and 25 mM PB-VF in EtOH. All samples were
washed in distilled water following growth to remove adherent solution and to ensure
that only dye acting as a dopant remained in the polymer.

Photocurrent action spectra were obtained in accordance with the method described in
section 2.8.

For investigations into the incorporation of cationic dyes, P(TTh)/S-B was prepared as
described above, however samples were grown using CI technique only. This was done
in order that the oxidised form of P(TTh)/S-B was obtained. P(TTh)/S-B was then
reduced by applying – 0.5 V (vs. Ag/Ag+) to samples immersed in solutions containing
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50 mM of cationic dye in ACN. Chronoamperograms were recorded during these
reductions. The cationic dyes investigated were EV, VPB-BO, VB-R and CrV. For
comparison, samples of P(TTh)/S-B were also reduced in situ, that is to say, in the
electropolymerisation solution.

4.3

Results and Discussion

4.3.1 Growth

and

Characterisation

of

Poly(terthiophene)

doped

with

Sulforhodamine B

Cycling the potential applied to an ITO coated glass working electrode immersed in a
solution containing TTh monomer and S-B dye in EtOH resulted in electrodeposition of
P(TTh)/S-B (Figure 4.5). The onset of oxidation of TTh on the first cycle occurred at +
0.73 V, which was slightly higher than the + 0.65 V oxidation onset potential for TTh
observed during the growth of P(TTh) from ACN solvent using tetrabutylammonium
perchlorate (TBAP) as the electrolyte (Figure 3.1). A reverse cathodic peak at + 0.34 V
was also observed on the first cycle. The increase in current and decrease in the
oxidation onset potential with successive cycling of the potential indicated the growth
of a CP. Growth of P(TTh)/S-B by CI using a current density of 0.5 mAcm-2 required a
potential of + 1.03 V, while a potential of + 0.79 V was generated during growth using
current density of 0.1 mAcm-2.

CVs of P(TTh)/S-B in a monomer-free electrolyte were obtained and are shown in
Figure 4.6. P(TTh)/S-B showed stable and reversible redox properties with a response
attributable to the reduction of the polymer observed at + 0.57 V.
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Figure 4.5: Growth of P(TTh)/S-B by CV to 5 cycles; lower potential limit = - 0.5 V,
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Figure 4.6: Post-growth CV characterisation for 5 cycles of P(TTh)/S-B; lower
potential limit = - 0.5 V, upper potential limit = + 0.8 V, scan rate = 100
mVs-1; electrolyte: 50 mM S-B in EtOH.

Chapter 4: Photovoltaic Properties of Poly(terthiophene) Doped with Dyes

98

The incorporation of S-B as a dopant in P(TTh)/S-B was demonstrated in the UV-Vis
spectra of oxidised and reduced P(TTh)/S-B shown in Figure 4.7. Oxidised P(TTh)/S-B
(Figure 4.7(a)) showed a peak at ~ 465 nm (π-π* transition of P(TTh)), a main peak at ~
565 nm corresponding to the λmax value of S-B, and a ‘free carrier tail’ beyond ~ 800
nm common to conducting polymers in the oxidised state. The main peak at ~ 565 nm
indicated the successful incorporation of S-B as a dopant. Reduced P(TTh)/S-B (Figure
4.7(b)) showed peaks at ~ 415 nm (π-π*), ~ 565 nm (S-B), a broad peak centred around
~ 920 nm and the loss of the ‘free carrier tail’. The presence of the peak at ~ 565 nm
indicated that to an extent S-B was retained within the polymer upon reduction. This
was not unexpected since S-B is a relatively large dopant (580.7 gmol-1). It was likely
that polymer neutrality was maintained to an extent by the incorporation of cations upon
reduction, together with anion expulsion (refer Figure 1.4).
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Figure 4.7: Normalised UV-Vis spectra of P(TTh)/S-B (a) oxidised and (b) reduced.

Photovoltaic testing of P(TTh)/S-B samples grown by CV and CI using various
parameters showed that the best PEC was based on P(TTh)/S-B grown by CI using a
current density of 0.25 mAcm-2 up to a charge density of 100 mCcm-2. Subsequent
photovoltaic testing of PECs based on other dye-doped P(TTh) samples (the results of
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which follow) revealed that this was the best-performing PEC from this Chapter. The
best PEC showed short-circuit-current (Isc) = 178 µAcm-2, open-circuit-voltage (Voc) =
318 mV, fill-factor (FF) = 29.6 % and power-conversion-efficiency (PCE) = 0.0334 %.
Current-voltage (I-V) characteristics in the dark and under illumination of this PEC are
illustrated in Figure 4.8. The overall PCE of 0.0334 % was not as high as the PCE of
0.107 % reported by Murray and co-workers [13] for PECs based on P(TTh) doped with
Erioglaucine (anionic) and Brilliant Green (cationic) dyes, nor was it as high as the
optimised PCE of 0.101 % reported in section 3.3.5. One of the main reasons for the
lower PCE may have been the relatively smoother surface morphology of P(TTh)/S-B
compared to P(TTh) grown at higher temperatures (e.g. Figure 3.16(d)). Figure 4.9
shows a top-view SEM image of P(TTh)/S-B grown by CI using a current density of
0.25 mAcm-2 up to a charge density of 100 mCcm-2. In addition, the best PCE of
0.0334 % obtained here was higher than the 0.021 % [14] and 0.015 % [15] reported for
PECs based on P(TTh) grown using perchlorate as the dopant.
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Figure 4.8: I-V characteristics in the dark and under illumination of the best PEC
based on P(TTh)/S-B.

Chapter 4: Photovoltaic Properties of Poly(terthiophene) Doped with Dyes

100

Figure 4.9: Top-view SEM of P(TTh)/S-B grown by CI using current density 0.25
mAcm-2 up to charge density 100 mCcm-2 ; magnification = 5 x 103.

Photocurrent action spectra of a PEC based on P(TTh)/S-B for illumination through the
polymer-coated ITO coated glass side (polymer side) and Pt-coated ITO coated glass
side (Pt side) are illustrated in Figure 4.10. No evidence for the direct contribution of
the S-B dye to the generated photocurrent was observed for illumination through either
the polymer side (Figure 4.10(a)) or Pt side (Figure 4.10(b)). That is, no peak in
photocurrent was observed at the wavelength corresponding to the absorption peak of
the dopant S-B at ~ 565 nm. This is in contrast to the findings of Murray and coworkers [13], who found a direct contribution of the dyes used to dope P(TTh) to the
photocurrent. The lack of a contribution to the photocurrent of the S-B dye may be
rationalised by considering the relative electron affinities of the P(TTh) backbone of
P(TTh)/S-B and S-B itself. The ability to measure relative electron affinities using CV
is considered in the following.

Takahashi and co-workers have demonstrated the use of CV to predict the direction of
electron transfer in mixtures of CPs and light absorbing-dyes. In particular, the direction
of electron transfer in mixtures of PTh with a series of metallated or non-metallated
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tetraphenylporphyrins [7], and in mixtures of poly(3-hexylthiophene) (P(3HT)) or
poly(3-dodecylthiophene) (P(3DDT)) with a series of merocyanine dyes [8], has been
determined. The potential at the onset of oxidation (Eonset.ox) was used to determine the
relative electron affinities of CPs and dyes, whereby the higher the Eonset.ox value, the
higher the electron affinity. If Eonset.ox of the dye were higher than Eonset.ox of the CP, then
electron transfer would go from the CP to the dye. Conversely, if Eonset.ox of the CP were
higher than Eonset.ox of the dye, then electron transfer would go from the dye to the CP.
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Figure 4.10: Normalised photocurrent action spectra of PEC based on P(TTh)/S-B for
illumination through (a) polymer side and (b) Pt side.

Figure 4.11 illustrates the CV characterisation of a solution containing S-B and
supporting electrolyte in EtOH on an ITO-coated glass working electrode. From this the
Eonset.ox for S-B was found to be + 0.76 V (vs. Ag/Ag+). The Eonset.ox for P(TTh)/S-B
(Figure 4.6) was lower at + 0.52 V (vs. Ag/Ag+), indicating that S-B has a higher
electron affinity than the P(TTh) backbone of P(TTh)/S-B. As a result, charge transfer
from the S-B dye to the P(TTh) backbone was not favourable. This explains why S-B
did not show a direct contribution to the measured photocurrent in Figure 4.10.
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The photocurrent action spectrum for illumination through the polymer side (Figure
4.10(a)) was ‘in-phase’ and the photocurrent action spectrum for illumination through
the Pt side (Figure 4.10(b)) was ‘out-of-phase’ with respect to the absorption spectrum
of reduced P(TTh)/S-B (Figure 4.7(b)). This shows that incident light was filtered out
on its way to the active interface of exciton dissociation for illumination through the Pt
side. In turn, this suggests that the site of exciton dissociation occurred at the interface
between P(TTh)/S-B and ITO. This is in agreement with the findings regarding the
photocurrent action spectroscopy of PECs based on P(TTh) in section 3.3.
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Figure 4.11: CV characterisation for 5 cycles of a solution containing 50 mM S-B and
0.1 M TBAP in EtOH using ITO-coated glass working electrode; lower
potential limit = - 0.5 V, upper potential limit = + 1.2 V, scan rate = 100
mVs-1.
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4.3.2 Growth and Characterisation of Poly(terthiophene) doped with Patent Blue
VF

An electrodeposit of P(TTh)/PB-VF formed on an ITO coated glass working electrode
immersed in a solution containing TTh monomer and PB-VF dye when the applied
potential was cycled (Figure 4.12). The oxidation onset potential of TTh on the first
cycle was + 0.74 V, slightly higher than that observed for the growth of P(TTh) from
ACN solvent using TBAP as the electrolyte (Figure 3.1). A reverse cathodic peak at +
0.19 V was also observed on the first cycle. Figure 4.12 shows increasing current and a
decrease in the oxidation onset potential with successive cycling of the potential,
indicative of CP growth. Growth of P(TTh)/PB-VF by CI using a current density of 0.5
mAcm-2 proceeded at a potential of + 2.51 V, while + 1.12 V was generated when a
current density of 0.1 mAcm-2 was used. These potentials were substantially higher than
those generated during growth of P(TTh)/S-B by CI (refer to section 4.3.1) and may be
attributed to lower solution ionic conductivity and/or lower polymer electrical
conductivity.

Post-growth CV characterisation of P(TTh)/PB-VF for 5 cycles in a monomer-free
electrolyte is shown in Figure 4.13. Stable and reversible redox properties were
observed, including a cathodic peak indicating reduction of the polymer at + 0.21 V.
This showed that P(TTh)/PB-VF was more difficult to reduce than P(TTh)/S-B, which
showed a cathodic peak at + 0.57 V.
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Figure 4.12: Growth of P(TTh)/PB-VF by CV to 10 cycles; lower potential limit = 0.5 V, upper potential limit = + 1.5 V, scan rate = 100 mVs-1 ;
electropolymerisation solution: 5 mM TTh and 50 mM PB-VF in EtOH.
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Figure 4.13: Post-growth CV characterisation for 5 cycles of P(TTh)/PB-VF; lower
potential limit = - 0.5 V, upper potential limit = + 0.8 V, scan rate = 100
mVs-1; electrolyte: 50 mM PB-VF in EtOH.
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The successful incorporation of PB-VF as a dopant during polymer electrodeposition
was demonstrated in the UV-Vis spectra of oxidised and reduced P(TTh)/PB-VF
(Figure 4.14). The spectrum of oxidised P(TTh)/PB-VF (Figure 4.14(a)) showed peaks
at ~ 405 nm (π-π* transition of P(TTh)), ~ 635 nm and ~ 1050 nm. The main peak at ~
635 nm corresponded exactly to the λmax of PB-VF and indicated the successful
incorporation of PB-VF as a dopant during growth. The spectrum of reduced
P(TTh)/PB-VF (Figure 4.14(b)) showed peaks at ~ 405 nm (π-π*) and ~ 635 nm and a
decrease in absorption at longer wavelengths compared to oxidised P(TTh)/PB-VF. The
reduced absorbance of the peak at ~ 635 nm indicated that some PB-VF was retained
within the P(TTh) matrix upon electrochemical reduction. Similar to the situation for
P(TTh)/S-B, this was likely due to the relatively high molecular weight (566.7 gmol-1)
and therefore low mobility of PB-VF.
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Figure 4.14: Normalised UV-Vis spectra of P(TTh)/PB-VF (a) oxidised and (b)
reduced.

Photovoltaic testing of P(TTh)/PB-VF grown by CV and CI using various parameters
indicated that the best PEC was based on P(TTh)/PB-VF grown by CV to 10 cycles
using a lower potential limit of – 0.5 V, an upper potential limit of + 1.2 V and a scan
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rate of 100 mVs-1. This device showed photovoltaic parameters of Isc = 41 µAcm-2, Voc
= 108 mV, FF = 29.6 % and PCE = 0.0026 %. These results were much lower compared
to the photovoltaic properties of PECs based on P(TTh)/S-B. Morphological variations
between P(TTh)/PB-VF and P(TTh)/S-B were found to be insufficient in explaining this
difference in photovoltaic properties. Figure 4.15 shows a top-view SEM image of
P(TTh)/PB-VF grown by CV to 10 cycles using lower potential limit of – 0.5 V, upper
potential limit of + 1.2 V and scan rate of 100 mVs-1. The morphological characteristics
of P(TTh)/PB-VF did not appear to be very different to those of P(TTh)/S-B (Figure
4.9). It may therefore be concluded that the divergence of photovoltaic performance of
these dye-doped P(TTh)s must have been largely due to compositional and not
morphological differences. Compositional differences may relate to average molecular
weight and regioregularity, for example. The I-V characteristics in the dark and under
illumination of the best PEC based on P(TTh)/PB-VF are illustrated in Figure 4.16.

Figure 4.15: Top-view SEM of P(TTh)/PB-VF grown by CV to 10 cycles using lower
potential limit – 0.5 V, upper potential limit = + 1.2 V, scan rate = 100
mVs-1; magnification = 5 x 103.

Chapter 4: Photovoltaic Properties of Poly(terthiophene) Doped with Dyes

107

70
illuminated
35

-2

I (µ Acm )

0
-0.05

0

0.05

0.1

0.15

0.2

-35

-70

dark

-105

-140

E (V)

Figure 4.16: I-V characteristics in the dark and under illumination of the best PEC
based on P(TTh)/PB-VF.

Photocurrent action spectra of PECs based on P(TTh)/PB-VF for illumination through
both the polymer side and Pt side are illustrated in Figure 4.17. No peak in the
photocurrent corresponding to the absorption of PB-VF dye at ~ 635 nm was observed
for either illumination through the polymer side (Figure 4.17(a)) or Pt side (Figure
4.17(b)). This indicates that the PB-VF dye did not contribute directly to the
photocurrent of PECs based on P(TTh)/PB-VF, as was the case for PECs based on
P(TTh)/S-B. Similar ‘in-phase’ and ‘out-of-phase’ spectra were observed for
illumination through the polymer side and Pt side of PECs based on P(TTh)/PB-VF,
respectively, as for PECs based on P(TTh)/S-B (Figure 4.10).
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Figure 4.17: Normalised photocurrent action spectra of PEC based on P(TTh)/PB-VF
for illumination through (a) polymer side and (b) Pt side.

The reason why PB-VF did not contribute to the photocurrent of PECs based on
P(TTh)/PB-VF follows the same argument as that presented in section 4.3.1. Figure
4.18 illustrates the CV characterisation of a solution containing PB-VF and supporting
electrolyte in EtOH using an ITO coated glass working electrode. The Eonset.ox for PBVF dye was + 0.68 V, which was higher compared to the Eonset.ox of + 0.17 V for the
P(TTh) backbone of P(TTh)/PB-VF (Figure 4.16). This indicated that the electron
affinity of PB-VF was higher than that of the P(TTh) backbone of P(TTh)/PB-VF,
meaning that charge transfer from PB-VF to the P(TTh) backbone was unfavourable.
This explains why PB-VF showed no contribution to the photocurrent of PECs based on
P(TTh)/PB-VF.
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Figure 4.18: CV characterisation for 5 cycles of a solution containing 50 mM PB-VF
and 0.1 M TBAP in EtOH using ITO-coated glass working electrode;
lower potential limit = - 0.5 V, upper potential limit = + 1.2 V, scan rate
= 100 mVs-1.

4.3.3 Growth and Characterisation of Poly(terthiophene) doped with Naphthol Blue
Black

Cycling of the potential applied to an ITO coated glass working electrode immersed in a
solution containing TTh monomer and NBB dye resulted in the electrodeposition of
P(TTh)/NBB (Figure 4.19). The oxidation onset potential for TTh on the first cycle was
+ 0.72 V, while a reverse cathodic peak at + 0.23 V was also observed on the first cycle.
Similar to the oxidation onset potential values observed for TTh in the presence of S-B
and PB-VF dyes, this was slightly higher than the oxidation onset potential for TTh
observed during growth of P(TTh) from ACN solvent using TBAP as the electrolyte
(Figure 3.1). Figure 4.19 shows increasing current and a decrease in the oxidation onset
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potential with successive cycling of the potential, indicating the growth of a CP. The
potentials generated during growth of P(TTh)/NBB by CI were high compared to those
generated for the growth of P(TTh)/S-B and P(TTh)/PB-VF. Using a current density of
0.5 mAcm-2, a potential of + 3.29 V was generated, while + 1.17 V was generated when
a current density of 0.1 mAcm-2 was used. The relatively high potentials generated were
possibly due to lower solution ionic conductivity and/or lower polymer electrical
conductivity.
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Figure 4.19: Growth of P(TTh)/NBB by CV to 10 cycles; lower potential limit = - 0.5
V, upper potential limit = + 1.4 V, scan rate = 100 mVs-1 ; electrolyte
solution: 5 mM TTh and 50 mM NBB in ACN.

Figure 4.20 shows the post-growth CV characterisation of P(TTh)/NBB for 5 cycles in a
monomer-free solution. Stable and reversible redox behaviour was observed and a
cathodic peak appeared at + 0.39 V. This indicated that P(TTh)/NBB was more difficult
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to reduce than P(TTh)/S-B, which showed a cathodic peak at + 0.57 V, yet easier to
reduce compared to P(TTh)/PB-VF, which showed a cathodic peak at + 0.21 V.
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Figure 4.20: Post-growth CV characterisation of P(TTh)/NBB; lower potential limit =
- 0.5 V, upper potential limit = + 0.8 V, scan rate = 100 mVs-1 ;
electrolyte: 50 mM NBB in ACN.

The successful incorporation of NBB as a dopant during electrodeposition of
P(TTh)/NBB was demonstrated in the UV-Vis spectra of oxidised and reduced
P(TTh)/NBB (Figure 4.21). Oxidised P(TTh)/NBB (Figure 4.21(a)) was characterised
by peaks at ~ 400 nm (π-π* transition of P(TTh)) and ~ 645 nm, a shoulder of
absorption at ~ 610 nm and a ‘free carrier tail’ at longer wavelengths beyond ~ 900 nm.
The shoulder at ~ 610 nm corresponded exactly to the λmax of NBB and confirmed the
successful incorporation of NBB as a dopant during electrochemical growth of the
polymer. The spectrum of reduced P(TTh)/NBB (Figure 4.21(b)) was characterised by
peaks at ~ 400 nm (π-π*) and ~ 610 nm, as well as a shoulder at ~ 645 nm. In addition,
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the ‘free carrier tail’ was largely diminished upon reduction. The peak at ~ 610 nm
corresponded to absorption by NBB and therefore indicated that NBB was retained
within the P(TTh) matrix after reduction. Similar to both P(TTh)/S-B and P(TTh)/PBVF, the retention of NBB upon reduction was due to the relatively high molecular
weight, (616.5 gmol-1) and therefore low mobility, of NBB.
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Figure 4.21: Normalised UV-Vis spectra of P(TTh)/NBB (a) oxidised and (b)
reduced.

Photovoltaic testing of P(TTh)/NBB grown by CV or CI using various parameters
revealed that the best PEC was based on P(TTh)/NBB grown by CI using a current
density of 0.5 mAcm-2 up to a charge density of 50 mCcm-2. This device showed Isc =
66 µAcm-2, Voc = 174 mV, FF = 28.5 % and PCE = 0.0066 %. The overall PCE of
0.0066 % was worse than the best PEC based on P(TTh)/S-B (0.0334 %) though better
than the best PEC based on P(TTh)/PB-VF (0.0026 %). Possible morphology effects on
the photovoltaic properties of P(TTh)NBB are considered in Figure 4.22, which shows a
top-view SEM image of P(TTh)/NBB grown by CI using a current density of 0.5
mAcm-2 up to a charge density of 50 mCcm-2. Even though P(TTh)/NBB appeared to
demonstrate a rougher surface morphology compared to P(TTh)/S-B (Figure 4.9), PECs
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based on the former showed poorer photovoltaic performance compared to PECs based
on the latter. As explained in section 4.3.2, this suggests that compositional and not
morphological differences was the most important factor in determining the
photovoltaic properties of dye-doped P(TTh)s. The I-V characteristics in the dark and
under illumination of the best PEC based on P(TTh)/NBB are illustrated in Figure 4.23.

Figure 4.22: Top-view SEM of P(TTh)/NBB grown by CI using current density 0.5
mAcm-2 up to charge density 50 mCcm-2 ; magnification = 5 x 103.

Photocurrent action spectra for illumination of a PEC based on P(TTh)/NBB through
the polymer side and through the Pt side are illustrated in Figure 4.24. Similar to the
observations for PECs based on P(TTh)/S-B and P(TTh)/PB-VF, no direct contribution
of the NBB dye to photocurrent was observed in either the photocurrent action spectrum
for illumination through the polymer side (Figure 4.24(a)) or Pt side (Figure 4.24(b)).
That is, no peak in the photocurrent was observed at ~ 610 nm, the wavelength of
maximum absorption for NBB. Also similar to PECs based on P(TTh)/S-B and
P(TTh)/PB-VF, the action spectrum for illumination through the polymer side was ‘inphase’ relative to the absorption spectrum of reduced P(TTh)/NBB (Figure 4.21(b)),
while that for illumination through the Pt side was ‘out-of-phase’.
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Figure 4.23: I-V characteristics in the dark and under illumination of the best PEC
based on P(TTh)/NBB.
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Figure 4.24: Normalised photocurrent action spectra of PEC based on P(TTh)/NBB
for illumination through (a) polymer side and (b) Pt side.
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The explanation for why NBB did not contribute to the photocurrent of PECs based on
P(TTh)/NBB mirrors the reasons given in sections 4.3.1 and 4.3.2. Figure 4.25
illustrates the CV characterisation of a solution containing NBB and supporting
electrolyte in ACN on an ITO coated glass working electrode. The Eonset.ox of + 0.61 V
for NBB was higher than the Eonset.ox of + 0.26 V for the P(TTh) backbone of
P(TTh)/NBB (Figure 4.20), indicating that the former had a higher electron affinity than
the latter. In turn this suggests that charge transfer from NBB to the P(TTh) backbone of
P(TTh)/NBB was unfavourable, explaining why no contribution of NBB to the
photocurrent of PECs based on P(TTh)/NBB was observed in Figure 4.24.
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Figure 4.25: CV characterisation for 5 cycles of a solution containing 50 mM NBB
and 0.1 M TBAP in ACN using ITO-coated glass working electrode;
lower potential limit = - 0.6 V, upper potential limit = + 1.2 V, scan rate
= 100 mVs-1.
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4.3.4 Attempted Growth of Poly(terthiophene) doped with Xylene Cyanole FF

In contrast to the successful growth of P(TTh) doped with the anionic dyes S-B, PB-VF
and NBB, P(TTh)/XC-FF did not grow readily by either CV or CI techniques. No
electrodeposit was observed on the ITO coated glass working electrode for all attempts
made. A symptom of the inability to electrodeposit P(TTh)/XC-FF was the > 5 V
potential generated when attempts at electropolymerisation were made using CI
technique with a current density of 0.5 mAcm-2.

4.3.5 Growth and Characterisation of Poly(terthiophene) doped with mixture of
Sulforhodamine B and Patent Blue VF

An electrodeposit of P(TTh)/S-B/PB-VF was observed to form on an ITO coated glass
working electrode immersed in a solution containing TTh monomer and a mixture of SB and PB-VF dyes when the applied potential was cycled (Figure 4.26). The oxidation
onset potential for the first cycle was + 0.70 V, while a reverse cathodic peak was also
observed at + 0.44 V on the first cycle. This oxidation onset potential was quite similar
to those observed on the first cycles for growth of P(TTh) doped with S-B, PB-VF or
NBB. The increase in current and decrease in oxidation onset potential with subsequent
cycling of the potential observed in Figure 4.26 indicated the growth of a CP. Growth of
P(TTh)/S-B/PB-VF by CI using a current density of 0.5 mAcm-2 proceeded at + 1.01 V,
which was essentially the same as the potential generated during growth of P(TTh)/S-B
(+ 1.03 V) at the same current density.
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Figure 4.26: Growth of P(TTh)/S-B/PB-VF by CV to 5 cycles; lower potential limit =
- 0.5 V, upper potential limit = + 1.2 V, scan rate = 100 mVs-1 ;
electropolymerisation solution: 5 mM TTh, 25 mM S-B and 25 mM PBVF in EtOH.

Post-growth CV characterisation of P(TTh)/S-B/PB-VF for 5 cycles in a monomer-free
solution is illustrated in Figure 4.27. Stable and reversible redox behaviour was
observed, including a cathodic peak at + 0.31 V that was in between the cathodic peaks
observed for P(TTh)/S-B (+ 0.57 V) and P(TTh)/PB-VF (+ 0.21 V). This suggested the
incorporation of both S-B and PB-VF as dopants within P(TTh). UV-Vis spectroscopy
provided direct proof that this was the case.

The incorporation of S-B and PB-VF as dopants during the electrodeposition of
P(TTh)/S-B/PB-VF was confirmed by UV-Vis spectroscopy. The spectrum of oxidised
P(TTh)/S-B/PB-VF (Figure 4.28(a)) showed a broad absorption centred on ~ 400 nm
(π-π* transition of P(TTh)) and peaks at ~ 565 nm, ~ 635 nm and ~ 1050 nm. The peaks
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at ~ 565 nm and ~ 635 nm corresponded exactly with the λmax values of S-B and PBVF, respectively, and demonstrated the successful incorporation of these dyes as
dopants during electrochemical growth. The UV-Vis spectrum of reduced P(TTh)/SB/PB-VF (Figure 4.28(b)) showed a broad absorption centred on ~ 400 nm (π-π*) and
peaks at ~ 565 nm (S-B) and ~ 635 nm (PB-VF), which indicated that both S-B and PBVF dopants were retained upon reduction.
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Figure 4.27: Post-growth CV characterisation of P(TTh)/S-B/PB-VF; lower potential
limit = - 0.5 V, upper potential limit = + 0.8 V, scan rate = 100 mVs-1 ;
electrolyte: 25 mM S-B and 25 mM PB-VF in EtOH.

Photovoltaic testing of P(TTh)/S-B/PB-VF grown by CV and CI using various
parameters revealed that the best PEC was based on P(TTh)/S-B/PB-VF grown by CV
to 20 cycles using a lower potential limit of – 0.5 V, an upper potential limit of + 1.2 V
and a scan rate of 100 mVs-1. This device showed Isc = 33 µAcm-2, Voc = 122 mV, FF =
25.6 % and PCE = 0.0020 %. The I-V characteristics in the dark and under illumination
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of this PEC are illustrated in Figure 4.29. The overall PCE of 0.0020 % was the lowest
for all of the PECs based on dye-doped P(TTh) fabricated in this Chapter. In addition,
the PCE of 0.0020 % for the best PEC based on P(TTh)/S-B/PB-VF was similar to the
0.0026 % obtained for the best PEC based on P(TTh)/PB-VF, even though the UV-Vis
spectra in Figure 4.28 suggest that both S-B and PB-VF were incorporated as dopants
within P(TTh) to a seemingly comparable degree. In other words, the photovoltaic
properties of the best PEC based on P(TTh)/S-B/PB-VF seemed to be dominated by the
presence of PB-VF.
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Figure 4.28: Normalised UV-Vis spectra of P(TTh)/S-B/PB-VF (a) oxidised and (b)
reduced.

Perhaps more important than the relatively poor photovoltaic properties observed for
PECs based on P(TTh)/S-B/PB-VF was the fact that the successful preparation of this
polymer demonstrated that, in principle, P(TTh) may be doped with a mixture of
anionic dyes. This is important since the ability to incorporate multiple light-absorbing
dyes within P(TTh) would enable broadening of the absorption spectrum. In this way
the solar spectrum would be better utilised and improved photovoltaic properties could
possibly be realised. However, the benefit of anionic dyes would only be realised if
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favourable charge transfer from the dye to P(TTh) occurred. This was not the case in
this study, as indicated by the photocurrent action spectra in previous sections.
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Figure 4.29: I-V characteristics in the dark and under illumination of the best PEC
based on P(TTh)/S-B/PB-VF.

4.3.6 Investigations into the Incorporation of Cationic Dyes into Poly(terthiophene)
doped with Sulforhodamine B

The UV-Vis spectra of oxidised and reduced samples of dye-doped P(TTh) presented in
the preceding sections revealed that substantial amounts of anionic dye were retained
within the P(TTh) matrix upon reduction. This showed that both anion expulsion and
cation incorporation mechanisms were operating to give the neutrality of the final
reduced polymer. The motivation for this section was to make use of these phenomena
by reducing oxidised P(TTh)/S-B in the presence of a range of cationic dyes. In this
way it was hoped that cationic dyes could be incorporated within the P(TTh) matrix
alongside the S-B anionic dye already present.
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A reasonable reduction current flow was observed during the reduction at – 0.5 V (vs.
Ag/Ag+) of P(TTh)/S-B only when the cationic dye EV was used. Almost no reduction
current was observed for attempts to reduce P(TTh)/S-B in the presence of VPB-BO,
VB-R and CrV cationic dye solutions. A possible reason for the apparent absence of
cationic dye incorporation may relate to the rather large size of the cationic dyes used.
Such an explanation, however, is inconsistent with the apparent incorporation of EV,
which is similar in size and molecular weight to the other cationic dyes. The
chronoamperogram recorded during the reduction of P(TTh)/S-B in a solution of EV is
shown in Figure 4.30(a), while the in situ reduction is shown for comparison in Figure
4.30(b). The chronoamperograms in Figure 4.30 suggest that reduction in a solution of
EV was not as efficient as in situ reduction, as reflected in the relatively low charge (i.e.
area bound by the chronoamperogram) associated with the former compared to the
latter. UV-Vis spectroscopy was used to determine whether EV had indeed been
successfully incorporated within the P(TTh) matrix.
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Figure 4.30: Chronoamperograms recorded during the reduction of oxidised
P(TTh)/S-B (a) in 50 mM EV in ACN and (b) in-situ (in 5 mM TTh and
50 mM S-B in EtOH).
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The UV-Vis spectrum of P(TTh)/S-B/EV as prepared in the reduced state is illustrated
in Figure 4.31, and was characterised by main peaks at ~ 350 nm (π-π* transition of
P(TTh)) and ~ 565 nm. Comparison of Figure 4.31 with the spectrum of oxidised
P(TTh)/S-B (Figure 4.7(a)) demonstrates that P(TTh)/S-B/EV was successfully reduced
since no ‘free carrier tail’ was observed. The peak at ~ 565 nm corresponded exactly to
the λmax value of S-B and confirmed the presence of S-B. The presence of EV could not
be adequately confirmed or denied using Figure 4.31 since the λ max of EV (~ 595 nm) is
close to that of S-B. However, the relative intensity of the peaks at ~ 350 nm (π-π*
transition of P(TTh)) and ~ 565 nm (S-B) in Figure 4.31 was reminiscent of the
spectrum of oxidised P(TTh)/S-B, even though P(TTh)/S-B/EV was indeed reduced.
Considering that the absorption at ~ 565 nm (S-B) dropped significantly relative to that
at ~ 465 nm (π-π*) when P(TTh)/S-B was reduced (Figure 4.7(b)), this suggests that the
total amount of dye within P(TTh)/S-B/EV did not change significantly upon reduction.
In turn, this may suggest that EV was incorporated into the P(TTh) matrix during
reduction to give P(TTh)/S-B/EV.
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Figure 4.31: UV-Vis spectrum of P(TTh)/S-B/EV as prepared in the reduced state.
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No photovoltaic effect was observed when samples of P(TTh)/S-B/EV were fabricated
into PECs and tested. Perhaps related to this absence of any photovoltaic effect was the
observation of the dissolution of the dye dopants into the I3-/I- liquid electrolyte upon
PEC fabrication, which appeared to be more dramatic than the loss of dye from P(TTh)
for PECs based on other compositions.

4.4

Conclusions

The commercially available anionic dyes S-B, PB-VF and NBB were successfully
incorporated as dopants during the electrochemical growth of P(TTh) onto ITO coated
glass. Attempts to use the anionic dye XC-FF as a dopant were unsuccessful. All dyedoped P(TTh) compositions showed stable and reversible redox behaviour when
characterised by post-growth CV. UV-Vis spectroscopy indicated that anionic dye
dopants were retained within the P(TTh) matrix upon reduction. This was due to the
relatively high molecular weights of the anionic dyes used. The ability to electrodeposit
P(TTh) doped with a mixture of anionic dyes was demonstrated with the successful
preparation of P(TTh) doped with both S-B and PB-VF.

The best overall PCE value of 0.0334 % obtained in this Chapter was for a PEC based
on P(TTh) doped with S-B. This was shown to be higher than previously reported PCE
values for PECs based on non-optimised P(TTh) grown using perchlorate as the dopant.
The best PCE values for PECs based on P(TTh)/PB-VF and P(TTh)/NBB were 0.0026
% and 0.0066 %, respectively. The morphological characteristics of P(TTh)/S-B,
P(TTh)/PB-VF and P(TTh)/NBB as determined by SEM were all quite similar. It was
concluded that the rather disparate PCE values achieved for PECs based on these dye-
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doped P(TTh)s were mainly due to compositional (e.g. average molecular weight and
regioregularity) and not morphological differences.

Photocurrent action spectroscopy of PECs based on all dye-doped P(TTh) compositions
indicated that in each case the dye did not contribute directly to the observed
photocurrent, due to the unfavourable charge transfer from dyes to the P(TTh) backbone
of dye-doped P(TTh)s. This conclusion was reached by determination of the relative
electron affinities through measurement of oxidation onset potentials (Eonset.ox) of the
dyes and of the P(TTh) backbone of dye-doped P(TTh)s using CV. In addition, PECs
based on all dye-doped P(TTh)s showed that illumination through the polymer side led
to photocurrents that were ‘in-phase’ with the absorption spectrum of the polymer,
while for illumination through the Pt side the photocurrent was ‘out-of-phase’ with the
absorption spectrum. This indicated that the site of exciton dissociation for all PECs
was located at the interface between the P(TTh)/dye and ITO.

Chronoamperograms recorded during reduction of oxidised P(TTh)/S-B in the presence
of a range of cationic dye solutions showed that only the use of the cationic dye EV
resulted in adequate reduction. The reduction of P(TTh) in a solution of EV was not as
efficient as that for in situ reduction. UV-Vis spectroscopy of the material formed by
reducing P(TTh)/S-B in a solution of EV gave a tentative indication of the successful
incorporation of EV alongside S-B within the P(TTh) matrix. No photovoltaic effect
was observed for PECs based on P(TTh)/S-B/EV.

A general problem regarding the fabrication of dye-doped P(TTh) into PECs was
encountered in the course of this chapter in that some of the dye dopant was dissolved
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out of the P(TTh) matrix by the I3 -/I- liquid electrolyte. Such a problem may be
overcome in future investigations by using a liquid electrolyte based on a solvent that
does not dissolve out the dye dopant. Alternatively, solid-state devices could be
considered, such as Schottky diodes.
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Chapter 5: Electrochemistry of a C60-substituted terthiophene and characterisation of polymers
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Introduction

The rapid light-induced charge transfer between C60 and conducting polymers (CPs) has
been utilised to greatly improve the photovoltaic properties of CP-based solar cells
(refer to section 1.5 and references therein). In such studies C60 and its derivatives were
generally blended with CPs by mixing of the two materials followed by casting onto a
substrate, usually based on ITO coated glass. The control of morphology in such
experiments at the nanoscopic level was achieved by various experimental factors, such
as the solvent used. In contrast, investigations into the control of morphology at the
nanoscopic level through covalent attachment of C60 to CP precursors are scarce. The
works of Ramos and co-workers [1] and Murata and co-workers [2] are some of the few
such examples and were discussed in sections 1.5.1 and 1.5.2, respectively.

This

Chapter

considers

attempts

to

improve

exciton

dissociation

within

poly(terthiophene) (P(TTh))-based photoelectrochemical cells (PECs) through the
incorporation of C60 via covalent attachment to a polymer precursor. The following
investigates the electrochemistry of the C60-substituted terthiophene (TTh) derivative,
N-Methyl-2-(2-[2,2';5',2''-terthiophen-3'-yl]ethenyl)fullero[3,4]pyrrolidine (I) (Figure
5.1), and the characterisation by post-growth cyclic voltammetry (CV) and UV-Vis
spectroscopy of the P(I) homopolymer and polymers containing I and TTh. The
utilisation of the homopolymer and of polymers containing I and TTh as the active
layers within PECs was also considered, as well as the effects of the ratio of comonomers on the properties of polymers containing I and TTh. It was hoped that
incorporation of C60 in this way would give enhanced exciton dissociation and
improved photovoltaic properties.
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Figure 5.1:

Structure of the C60-substituted terthiophene derivative N-Methyl-2-(2[2,2';5',2''-terthiophen-3'-yl]ethenyl)fullero[3,4]pyrrolidine (I).

5.2

Experimental

The C60-substituted TTh derivative I was synthesised at Massey University, New
Zealand, and used as received. Electrochemical growth of P(I) and polymers containing
I and TTh onto ITO coated glass was carried out using CV and constant current (CI)
techniques. All samples were fully reduced prior to photovoltaic testing by applying –
0.5 V (vs. Ag/Ag+) until the cathodic current reached a steady state close to zero. The
electropolymerisation solution used for the growth of P(I) contained 1 mM I and 0.1 M
tetrapropylammonium perchlorate (TBAP) in dichloromethane (DCM), while that used
for the growth of polymers containing I and TTh was composed of 1 mM I, 1 mM TTh
and 0.1 M TBAP in DCM.
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For detailed investigations into the effect of the ratio between I and TTh on the
properties of polymers containing I and TTh, I:TTh ratios of 1:0, 10:1, 2:1, 1:1, 1:2,
1:10 and 0:1 were investigated. Electropolymerisation solutions were obtained by
mixing a solution containing 1 mM I with another containing 1 mM TTh in appropriate
ratios. The total concentration of I together with TTh in all such electropolymerisation
solutions was 1 mM. These solutions were made up in DCM and all contained 0.1 M
TBAP. All polymers containing I and TTh were grown by CI using a current density of
0.1 mAcm-2 for 1 min 40 sec, giving 10 mCcm-2 of charge passed.

5.3

Results and Discussion

5.3.1 Growth and Characterisation of P(I) Homopolymer

CV of the monomer solution of I indicated an oxidation onset potential of + 0.97 V and
a subsequent reverse cathodic peak at + 0.62 V (Figure 5.2). This oxidation onset
potential was significantly higher than the + 0.65 V observed for the growth of P(TTh)
(see Figure 3.1), indicating that I is considerably more difficult to oxidise than TTh.
Increased current and a decrease in the oxidation potential were observed with
subsequent sweeping of the potential, indicating the growth of a CP. Growth by CI at a
current density of 0.5 mAcm-2 proceeded at a steady potential of + 1.60 V, while growth
using a current density of 0.1 mAcm-2 proceeded at a steady potential of + 1.18 V. Both
of these generated potentials were higher than the + 0.97 V oxidation onset potential
observed in Figure 5.2, as expected.

The post-growth CV characterisation for 5 cycles of P(I) is shown in Figure 5.3. Stable
and reversible redox properties were observed, including a cathodic peak at + 0.65 V.
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Figure 5.2: Growth of P(I) onto ITO coated glass by CV to 5 cycles; lower potential
limit = - 0.5 V, upper potential limit = + 1.2 V, scan rate = 100 mV-1;
electropolymerisation solution: 1 mM I and 0.1 M TBAP in DCM.
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Figure 5.3: Post-growth CV characterisation of P(I) on ITO coated glass for 5 cycles;
lower potential limit = - 0.5 V, upper potential limit = + 0.9 V, scan rate =
100 mVs-1; electrolyte: 0.1 M TBAP in DCM.
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Shifting the lower potential limit used in the post-growth CV characterisation of P(I)
revealed reduction responses that are attributable to reduction of the C60 moiety. Similar
responses have been previously observed in the CV characterisation of polymers
electrodeposited using similar C60-substituted terthiophenes [2]. Figure 5.4 illustrates
the post-growth CV characterisation of P(I) for the first cycle only. A large n-doping
response at negative potentials relative to the p-doping response at positive potentials
was observed. This likely reflected the high electron affinity of the C60 present in P(I).
Figure 5.4 shows a cathodic shoulder at – 1.05 V (A) and a major cathodic peak at –
1.73 V (B). Corresponding reverse anodic peaks were observed at – 0.75 V (A1) and –
1.10 V (B1), respectively. In addition, an anodic shoulder was observed at – 1.59 V (C).
Further cycling over the potential range resulted in falls to both the n-doping and pdoping responses, indicating P(I) degradation.
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Figure 5.4: Post-growth CV characterisation of P(I) on ITO coated glass for the first
cycle only; lower potential limit = - 2.0 V, upper potential limit = + 1.0 V,
scan rate = 100 mVs-1 ; electrolyte: 0.1 M TBAP in DCM.
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Photovoltaic testing of PECs based on P(I) in general showed much enhanced Voc
values (~ 250 mV) compared to PECs based on P(TTh) (typically ~ 150 mV). This
might have been due to improved electron transport in the presence of the C60
functionality. The best PEC was based on P(I) grown by CV to 5 cycles using a lower
potential limit of – 0.5 V, an upper potential limit of + 1.2 V and a scan rate of 100
mVs-1. This device showed Isc = 165 µAcm-2, Voc = 250 mV, FF = 28.4 % and PCE =
0.0235 %. The PCE of 0.0235 % was similar to the PCE values typically achieved in
previous Chapters. The I-V characteristics in the dark and under illumination of the best
PEC based on P(I) are illustrated in Figure 5.5.

200
160
illuminated

-2

I (µ Acm )

120
80
40
0
-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

-40
dark
-80

E (V)

Figure 5.5: I-V characteristics in the dark and under illumination of the best PEC
based on P(I) grown by CV to 5 cycles using lower potential limit = - 0.5
V, upper potential limit = + 1.2 V and scan rate = 100 mVs-1.

The surface morphology of a P(I) sample grown by CV to 5 cycles using a lower
potential limit of – 0.5 V, an upper potential limit of + 1.2 V and a scan rate of 100
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mVs-1 is illustrated in the scanning electron micrograph (SEM) in Figure 5.6. The
surface appeared to be quite smooth relative to some of the morphologies observed for
P(TTh) in Chapter 3 (e.g. Figure 3.16). Interestingly, the photovoltaic properties of P(I)
were similar to those reported in previous Chapters despite its relatively smooth surface
morphology and the absence of any steps aimed at optimising the morphology.

Figure 5.6: SEM image of P(I) grown by CV for 5 cycles using lower potential limit =
- 0.5 V, upper potential limit = + 1.2 V and scan rate = 100 mVs-1 ;
magnification = 1 x 104.

5.3.2 Growth and Characterisation of Polymers Containing I and TTh

CV of a mixture of I and TTh indicated on the first cycle an oxidation onset potential of
+ 0.83 V and a subsequent reverse cathodic peak at + 0.34 V (Figure 5.7). Increasing
current response and a fall in the oxidation potential with subsequent cycling of the
potential indicated the growth of a CP. The application of a constant current density of
0.5 mAcm-2 to a solution containing both I and TTh required a potential of + 1.20 V,
while polymer growth using a current density of 0.1 mAcm-2 required a potential of +
0.87 V. These potentials were lower than those observed for the oxidation of I and
generally higher than the potential required to oxidise TTh. The incorporation of I
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within the polymer structure during polymer growth by CI from a mixture of I and TTh
is confirmed in section 5.3.3.
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Figure 5.7: Growth of polymer containing I and TTh onto ITO coated glass by CV to
5 cycles using lower potential limit = - 0.5 V, upper potential limit = + 1.2
V and scan rate = 100 mVs-1 ; electropolymerisation solution: 1 mM I, 1
mM TTh and 0.1 M TBAP in DCM.

Post-growth CV of the polymer made from I and TTh obtained in monomer-free
electrolyte (Figure 5.8) indicated stable and reversible redox properties. A cathodic peak
appeared at + 0.47 V, meaning that this deposit was more difficult to reduce than P(I),
already shown to have a cathodic peak at + 0.70 V. The magnitude of the current
observed in Figure 5.8 was much higher than that observed for P(I) (Figure 5.3). The
relationship between the magnitude of current in the p-doping region and the ratio of I
to TTh within polymers containing both I and TTh is dealt with in section 5.3.3.
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Figure 5.8: Post-growth CV characterisation of polymer containing I and TTh on ITO
coated glass for 5 cycles using lower potential limit = - 0.5 V, upper
potential limit = + 0.9 V and scan rate = 100 mVs-1; electrolyte: 0.1 M
TBAP in DCM.

The post-growth CV characterisation revealing the n-doping properties of a polymer
containing both I and TTh for the first cycle only is illustrated in Figure 5.9. A steady
degradation of the n-doping response of the polymer containing both I and TTh
occurred with successive cycling of the potential, as was the case for P(I). Figure 5.9
shows cathodic shoulders at – 1.21 V (A) and – 1.57 V (B) and a corresponding broad
reverse anodic shoulder at – 1.04 V (D), in addition to another anodic shoulder at – 1.62
V (C). As was the case for P(I), these responses were attributable to the C60 moiety. The
magnitude of the n-doping response was significantly lower than that observed for P(I)
(Figure 5.5) and suggested that the amount of C60 present in the polymer containing
both I and TTh was less than that in P(I), as expected. The relationship between the
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magnitude of response in the n-doping region and the ratio of I to TTh within polymers
is investigated in section 5.3.3.
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Figure 5.9: Post-growth CV characterisation of polymer containing I and TTh on ITO
coated glass for the first cycle only using lower potential limit = - 2.0 V,
upper potential limit = + 0.9 V and scan rate = 100 mVs-1 ; electrolyte: 0.1
M TBAP in DCM.

Photovoltaic testing of PECs based on the above polymers revealed higher Voc values (~
200 mV) compared to PECs based on P(TTh) (typically ~ 150 mV). This may be
attributed to a lower voltage drop across the photoactive layer for polymers containing a
mixture of I and TTh compared to P(TTh). The best PEC was based on a polymer
grown by CI using a current density of 0.5 mAcm-2 and up to a charge density of 10
mCcm-2. This device showed Isc = 307 µAcm-2, Voc = 200 mV, FF = 30.5 % and PCE =
0.0375 %. The I-V characteristics of this PEC in the dark and under illumination are
illustrated in Figure 5.10. The best PCE of 0.0375 % achieved for a polymer containing
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both I and TTh was higher than the best PCE of 0.0235 % achieved for P(I). The effects
of the ratio between I and TTh on the photovoltaic properties of polymers containing I
and TTh are presented in the following section.
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Figure 5.10: I-V characteristics in the dark and under illumination of the best PEC
based on polymer containing I and TTh grown by CI using current
density = 0.5 mAcm-2 up to charge density = 10 mCcm-2.

One reason for the better photovoltaic properties of the polymer made from I and TTh
compared to P(I) may have been due to relative surface roughness. Figure 5.11 shows
an SEM that illustrates the surface morphology of a polymer containing both I and TTh
and grown by CI using a current density of 0.5 mAcm-2 up to a charge density of 10
mCcm-2. The surface of the polymer made of I and TTh showed small island-like
morphological features, indicating a higher surface area than the smooth surface of P(I)
illustrated in Figure 5.6. This higher surface area of the polymer made from I and TTh
when compared to P(I) may have been a significant reason for the better photovoltaic
properties of the former when compared to the latter.
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Figure 5.11: SEM image of polymer containing I and TTh grown by CI using current
density = 0.5 mAcm-2 up to charge density = 10 mCcm-2 ; magnification
= 1 x 104.

5.3.3 Effect of I:TTh Ratio on the Properties of Polymers Containing I and TTh

The potential generated during the growth of polymers containing I and TTh by CI
using a current density of 0.1 mAcm-2 depended on the I:TTh ratio, as shown in Figure
5.12. Progressively lower potentials were required to maintain current flow at 0.1
mAcm-2 as the relative amount of I in the electropolymerisation solution decreased. The
results in Figure 5.12 extended the demonstrated pattern in the previous sections,
whereby the potential generated during growth of the polymer containing I and TTh
was lower than that generated during the growth of P(I).

The p-doping characteristics of all polymers based on I and TTh are shown in the postgrowth CVs in Figure 5.13. The extent of p-doping, as judged qualitatively by the size
of each CV, increased as the amount of TTh in the polymer was increased. The effect of
surface morphology on this pattern was negligible since an inverse relationship between
the extent of n-doping and the amount of TTh in the polymer was observed and is

Chapter 5: Electrochemistry of a C60-substituted terthiophene and characterisation of polymers

140

described below. The relationship between the extent of p-doping and the amount of
TTh in the polymer appears to be an extension of the observation made in previous
sections that greater p-doping was observed for the polymer containing I and TTh
compared to P(I).
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Figure 5.12: Potential generated during growth by CI using current density of 0.1
mAcm-2 of polymers containing I and TTh as related to the I:TTh ratio.

Figure 5.14 shows the n-doping characteristics of all polymers containing I and TTh.
Only the first cycle is shown since the response of all samples diminished with
successive cycling, indicative of polymer degradation. Qualitatively the extent of ndoping decreased as the amount of I within the polymer decreased. This pattern is
directly related to the decrease in the amount of C60 present, which is known to be a
very good electron acceptor. The trend observed in Figure 5.14 is an extension of the
observation made in previous sections whereby the extent of n-doping in the polymer
made from I and TTh was observed to be less than that in P(I).

Chapter 5: Electrochemistry of a C60-substituted terthiophene and characterisation of polymers

(a)

(b)

300

100

-0.5

-0.3

0
-0.1

300

200

I (µ A)

I (µ A)

200

0.1

0.3

0.5

0.7

0.9

100

-0.5

-0.3

-100

0
-0.1

(d)

100

0.1

0.3

0.5

0.7

0.9

-0.5

-0.3

0
-0.1

(f)

100

0.1

0.3

0.5

0.7

0.9

-100

I (µ A)

0.5

0.7

0.9

300

100

-0.5

-0.3

0
-0.1

0.1

0.3

-200

E (V)

-0.3

0.9

-100

-200

-0.5

0.7

200

I (µ A)

I (µ A)

200

(g)

0.3

E (V)

300

0
-0.1

0.1

-200

E (V)

-0.3

0.5

300

-100

-200

-0.5

0.9

100

-100

(e)

0.7

200

I (µ A)

I (µ A)

200

0
-0.1

0.5

E (V)

300

-0.3

0.3

-200

E (V)

-0.5

0.1

-100

-200

(c)

141

E (V)

300

Figure 5.13: Post-growth CV characterisation for 5

200

cycles of polymers containing I and TTh for the

100

I:TTh ratios (a) 1:0, (b) 10:1, (c) 2:1, (d) 1:1, (e) 1:2,

0
-0.1

0.1

0.3

-100

0.5

0.7

0.9

(f) 1:10 and (g) 0:1, using lower potential limit = 0.5 V, upper potential limit = + 0.9 V and scan rate =

-200

E (V)

100 mVs-1 ; electrolyte: 0.1 M TBAP in DCM.
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Figure 5.14: Post-growth CV characterisation for
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The UV-Vis spectra of all oxidised and reduced polymers made from I and TTh are
shown in Figure 5.15. The peak observed in all spectra at ~ 340 nm, except for the
spectra of P(TTh) (Figure 5.15(g)), was due to absorption by C60. This was confirmed
by the clear pattern, in the spectra of reduced polymers in particular, of decreasing
absorption of the peak at ~ 340 nm relative to the π-π* peak as the amount of I was
decreased. All spectra in Figure 5.15 showed absorption between 440-480 nm due to ππ* transitions. A steady red-shift in the π-π* absorption was observed as the amount of
TTh within polymers containing I and TTh increased. Namely, the wavelength of
maximum absorption due to π-π* transitions shifted from ~ 440 nm for P(I) to ~ 485
nm for P(TTh). This suggested that the conjugation length increased as the amount of
TTh was increased. In turn this may suggest one of two possibilities. Firstly, the average
molecular weight of polymers increased with an increasing proportion of TTh units.
Secondly, the conformation of polymers became more extended with an increasing
proportion of TTh units. Due to the strong intermolecular force known to exist between
C60 molecules, it is probable that the tendency toward extended conformation led to the
observed red-shift in π-π* absorption as the proportion of I units within polymers was
decreased. For the spectra of oxidised polymers, absorption between the π-π* peak and
1100 nm increased with an increasing amount of TTh. Such increases were indicated by
the emerging of peaks at ~ 640 nm (π*-polaron transition) and ~ 1030 nm. This showed
that polymers with a higher proportion of I units were not as highly oxidised as
polymers with a higher proportion of TTh units. In turn, this may suggest that polymers
with a higher proportion of I units may have more easily self-reduced in the ambient
laboratory atmosphere in the time between sample growth and UV-Vis measurement. In
situ UV-Vis measurements of P(I), polymers containing I and TTh and P(TTh) better
reveal the precise nature of this issue and are presented in section 5.3.4.
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Results from the photovoltaic testing of PECs based on polymers with various I:TTh
ratios are presented in Figure 5.16. The presence of a higher proportion of I units within
polymers resulted in higher Voc values (Figure 5.16(b)). On the other hand, increasing
the proportion of TTh units gave improved Isc (Figure 5.16(a)) and FF (Figure 5.16(c)).
Overall, increasing the proportion of TTh units within the polymer containing I and
TTh increased PCE (Figure 5.16(d)) so that the best photovoltaic performance was
observed for P(TTh). Morphology may have played a role in determining relative
photovoltaic performance, although SEMs were not recorded in this section. However,
the rougher surface of the polymer made from I and TTh (Figure 5.11) compared to P(I)
(Figure 5.6) suggests that the surface of polymers containing I and TTh would have
been rougher with a greater proportion of TTh units. In turn, this may have been
partially responsible for the improvement in the photovoltaic performance of polymers
containing I and TTh as the proportion of TTh units increased. The best PEC was based
on P(TTh) and showed Isc = 289 µAcm-2, Voc = 189 mV, FF = 35.9 % and PCE =
0.0392 %. The I-V characteristics of this PEC in the dark and under illumination are
illustrated in Figure 5.17.

5.3.4 Spectroelectrochemistry of P(I), Polymer Containing I and TTh, and P(TTh)

The in-situ spectroelectrochemical properties of P(I), the polymer made from I and TTh
(I:TTh = 1:1) and P(TTh) are illustrated in Figure 5.18. Not all of the spectra that were
recorded are shown in Figure 5.18 since changing the applied potential did not always
induce a change in the UV-Vis spectrum. This was especially the case for P(I), which
did not show any significant change in UV-Vis absorption until the potential was as
high as + 0.5 V. The spectroelectrochemical properties of P(I) shown in Figure 5.18(a)
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were obtained by applying potentials of 0.0, + 0.5, 0.7 V and then every 0.1 V up to and
including + 1.0 V. Potentials of 0.0 V, + 0.3 V and then every 0.1 V up to and including
+ 1.0 V were applied to yield the spectroelectrochemical properties of the polymer
made from I and TTh in Figure 5.18(b). The spectroelectrochemical properties of
P(TTh) in Figure 5.18(c) were obtained by applied potentials of 0.0 V, + 0.2 V and then
every 0.1 V up to and including + 1.0 V.
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Figure 5.16: Photovoltaic properties of PECs based on polymers containing I and TTh
as functions of the I:TTh ratio (a) Isc, (b) Voc, (c) FF and (d) PCE.
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Figure 5.17: I-V characteristics in the dark and illumination of the best PEC based on
the polymer containing I and TTh, where the I:TTh ratio was 0:1 (i.e.
P(TTh)).

To varying extents, all polymers showed a steady increase in absorption at wavelengths
above the π-π* transition with increasing potential. This indicated an increasing level of
doping leading to the formation of ‘free-carrier tails’. Concurrently the intensity of π-π*
absorptions decreased. For the polymer containing I and TTh and P(I) only, the peak at
~ 320 nm was independent of the applied potential. As shown in the previous section,
this peak was due to C60.
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Figure 5.18: In situ spectroelectrochemical properties of (a) P(I) (for applied
potentials of 0.0 V, + 0.5 V, + 0.7 V and then every 0.1 V up to and
including + 1.0 V), (b) polymer containing I and TTh (for applied
potentials of 0.0 V, + 0.3 V and then every 0.1 V up to and including +
1.0 V) and (c) P(TTh) (for applied potentials of 0.0 V, + 0.2 V and then
every 0.1 V up to and including + 1.0 V).

The shape of the absorption spectrum of P(I) (Figure 5.18(a)) when exposed to an
applied potential of + 1.0 V showed a definite ‘free carrier tail’, unlike the UV-Vis
spectrum of “oxidised” P(I) shown in Figure 5.15(a). This suggested, as discussed in
section 5.3.3, that P(I) and the polymers based on I and TTh with a relatively high
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proportion of I units were more susceptible to a process of rapid self-reduction in
ambient laboratory atmosphere. This was likely due to the high electron affinity of C60.

5.4

Conclusions

P(I) and the polymer made from I and TTh were successfully electrodeposited onto ITO
coated glass by both CV and CI techniques. Both showed stable and reversible p-doping
properties, however a larger response was observed for the polymer made from I and
TTh compared to P(I). Conversely, the extent of n-doping in P(I) was greater than that
in the polymer containing I and TTh and was attributed to the presence of more C60,
which is known to have a high electron affinity. The best PEC based on P(I) gave a
PCE of 0.0235 %. This was lower compared to the PCE of 0.0375 % for the best PEC
based on the polymer containing I and TTh. The electrochemical properties of P(I) and
the polymer containing I and TTh were further investigated by preparing polymers with
a range of I:TTh ratios.

The growth and characterisation of polymers exhibiting a range of I:TTh ratios revealed
trends in p-doping, n-doping, UV-Vis and photovoltaic properties. Polymers
demonstrated a steadily increasing extent of p-doping and a steadily decreasing extent
of n-doping as the proportion of TTh units was increased. The photovoltaic parameter
of Voc increased as the proportion of I units within polymers increased, however Isc and
FF decreased. The overall PCE of PECs based on polymers made from I and TTh
increased as the proportion of TTh units increased, so that the best photovoltaic
performance was for PECs based on P(TTh).
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In situ spectroelectrochemical measurements of P(I), the polymer containing I and TTh,
and P(TTh) confirmed that P(I) and polymers with a relatively high proportion of I
units were more susceptible to self-reduction in ambient laboratory atmosphere. This
observation was likely due to the high electron affinity of C60.
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6.1

152

Introduction

Previous Chapters were concerned with the electrochemical preparation and
characterisation of (insoluble) polymers based on and including poly(terthiophene)
(P(TTh)). This included Chapter 5, which considered the incorporation of C60 within
P(TTh)-based photoactive materials through the use of the terthiophene derivative I.
This Chapter focuses on the synthesis and characterisation of the soluble poly(3alkylthiophene)s (P(3AT)s): poly(3-hexylthiophene) (P(3HT)) (Figure 6.1(a)) and
poly(3-octlythiophene) (P(3OT)) (Figure 6.1(b)). The primary aim in the preparation of
these soluble P(3AT)s was the ability to incorporate a soluble C60 derivative, [6,6]phenyl C61-butyric acid methyl ester (PCBM) (Figure 6.1(c)), to give P(3AT)/PCBM
composites that could be used as photovoltaic materials. It was hoped that, as reported
in the literature, the incorporation of PCBM within P(3AT)s would enhance exciton
dissociation and therefore improve photovoltaic properties. This would have been
expected to occur primarily through increases in short-circuit-current (Isc).

The

approach taken in this Chapter was to fabricate P(3AT)/PCBM composites into
photoelectrochemical cells (PECs), as opposed to the general approach taken in the
literature, which has considered fabrication of Schottky diodes out of analogous
materials. The fabrication of PECs using P(3AT)/PCBM composites enabled a direct
comparison of photovoltaic properties to those reported in preceding Chapters.
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octylthiophene) (P(3OT)) and (c) [6,6]-phenyl C61-butyric acid methyl
ester (PCBM).

6.2

Experimental

6.2.1 Reagents and Materials

3-hexylthiophene (3HT) (Aldrich), 3-octylthiophene (3OT) (Aldrich), methanol
(MeOH) (Univar, APS), concentrated aqueous ammonia (Univar, APS), tetrahydrofuran
(THF) (HPLC grade) (Aldrich) and deuterated chloroform (CDCl3) (Aldrich) were used
as received. PCBM was synthesised at Massey University, New Zealand, and used as
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received. Anhydrous ferric chloride (Univar, APS) was dried at ~ 100 °C to constant
mass and chloroform (Univar, APS) was dried using molecular sieves prior to use.

6.2.2 Instrumentation

Size exclusion chromatography (SEC) was carried out on a Shimadzu LC-10AT liquid
chromatograph using a refractive index detector and THF as the eluent. P(3AT) samples
were dissolved in HPLC grade THF to give 0.1 % (w/v) solutions which were filtered
through a 0.45 µm filter prior to use. Molecular weights were reported relative to
polystyrene standards.

Proton nuclear magnetic resonance (1H NMR) spectroscopy was carried out using a
Varian Inova 500 MHz NMR spectrometer. P(3AT) samples were dissolved in CDCl3
containing tetramethylsiloxane internal reference for 1H NMR characterisation.

6.2.3 Oxidative Polymerisation of 3-alkylthiophenes

P(3HT) and P(3OT) were obtained by the oxidative polymerisation of 3HT or 3OT,
respectively, using anhydrous FeCl3 by two slightly different methods based on that
reported by Andersson et al [1] as follows. In the monomer-to-oxidant method, a 12 mL
‘slurry’ of 0.4 M FeCl3 in chloroform was cooled down to between 0-5 ºC using an ice
bath before a 12 mL solution of 0.1 M monomer was added dropwise over a period of 1
hr. Following addition of the monomer solution, the mixture was stirred for an
additional hour whilst keeping the temperature between 0-5 ºC. The mixture was then
poured into 20 mL MeOH and doped P(3HT) or P(3OT) was precipitated. This was
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vacuum filtered and washed with 2x 5 mL MeOH. The blue/black solid was then placed
in 20 mL chloroform together with 20 mL of concentrated aqueous ammonia and the
mixture boiled for 30 min. The choroform layer took on a bright orange colour at this
time, indicating the reduction of P(3HT) or P(3OT) by the ammonia. An additional 20
mL of concentrated aqueous ammonia was then added to the separated chloroform layer
and the mixture boiled for another 30 min. The chloroform layer was then washed with
2x portions of distilled water before the amount of chloroform was reduced by boiling
on a hot plate. The P(3HT) or P(3OT) solution was then poured into 20 mL MeOH and
the reduced polymer precipitated. This was vacuum filtered and washed with 2x 5 mL
MeOH to give the final red-coloured, reduced polymer. The oxidant-to-monomer
method was essentially the same as the monomer-to-oxidant method described above,
except that the FeCl3 ‘slurry’ was added dropwise using a Pasteur pipette to the
monomer solution at between 0-5 ºC over a period of 1 hr.

6.2.4 Spin Coating and Characterisation of Poly(3-alkylthiophene) and Poly(3alkylthiophene)/PCBM Films

Films of P(3HT) or P(3OT) were spin-coated onto ITO coated glass substrates from 2 %
(w/v) solutions in chloroform. In general, after 1, 2 or 3 applications of polymer
solution to the substrate, films were prepared by spinning the substrate at 1000 rpm for
30 s. P(3HT)/PCBM and P(3OT)/PCBM composite films were prepared using a mixture
of 1 % (w/v) P(3AT) and 2 % (w/v) PCBM in chloroform. Solutions were spin cast onto
ITO coated glass substrates using 1000 rpm for 30 s using 1, 2 or 3 applications of the
P(3AT)/PCBM mixture.
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Films of P(3AT) and P(3AT)/PCBM were characterised using cyclic voltammetry (CV),
UV-Vis spectroscopy, in situ spectroelectrochemistry, photovoltaic testing and scanning
electron microscopy (SEM) in accordance with the details provided in Chapter 2. In
addition to the UV-Vis characterisation of P(3AT) and P(3AT)/PCBM films, UV-Vis
spectra of the solutions used to cast these films were also recorded in order to
investigate solvatochromic effects.

6.2.5 Electropolymerisation of 3-alkylthiophenes and Characterisation of Resultant
Polymers

The electropolymerisation solution contained either 0.1 M 3HT or 0.1 M 3OT together
with 0.1 M tetrabutylammonium perchlorate (TBAP) in a 3:1 (by volume) mixture of
acetonitrile (ACN) and dichloromethane (DCM). CV and constant current (CI)
techniques were used to electrochemically deposit P(3HT) and P(3OT). Polymers
grown by CI were fully reduced prior to assembly into PECs and subsequent
photovoltaic testing by the application of – 0.5 V until a steady current close to zero was
obtained. Electrodeposited films of P(3HT) and P(3OT) were characterised by CV, UVVis spectroscopy, in situ spectroelectrochemistry, photovoltaic testing and SEM.

6.3

Results and Discussion

6.3.1 Characterisation

of

Poly(3-alkylthiophene)s

by

Size

Exclusion

Chromatography and Proton Nuclear Magnetic Resonance Spectroscopy

Figure 6.2 shows the chromatograms obtained from the SEC analysis of P(3HT)
prepared by the monomer-to-oxidant method (Figure 6.2(a)) and oxidant-to-monomer
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method (Figure 6.2(b)). Figure 6.2(a) was characterised by a relatively even distribution
about the peak, an indication of which was given by the polydispersity index (PDI)
value of 2.11. P(3HT) prepared by the monomer-to-oxidant method showed Mw = 148
000 and Mn = 70 000, where the value for Mw corresponded to ~ 890 repeat units. In
contrast, Figure 6.2(b) was characterised by a relatively uneven distribution about the
peak (PDI = 3.15). P(3HT) prepared by the oxidant-to-monomer method also showed
Mw = 97 000 and Mn = 31 000. The value for Mw corresponded to ~ 580 repeat units,
indicating that a higher molecular weight was obtained for P(3HT) prepared by
monomer-to-oxidant method compared to P(3HT) prepared by oxidant-to-monomer
method. This was in agreement with the literature, in that higher molecular weight may
be achieved by using a higher concentration of FeCl3 [1], which was clearly the case for
the monomer-to-oxidant method relative to the oxidant-to-monomer method.

Figure 6.3 shows the chromatograms obtained from the SEC analysis of P(3OT)
prepared by the monomer-to-oxidant method (Figure 6.3(a)) and oxidant-to-monomer
method (Figure 6.3(b)). A similar pattern to that observed for P(3HT) was also observed
for P(3OT), whereby a relatively even distribution about the peak for P(3OT) prepared
by the monomer-to-oxidant method (PDI = 1.85) contrasted the relatively uneven
distribution about the peak for P(3OT) prepared by the oxidant-to-monomer method
(PDI = 4.25). In addition, P(3OT) prepared by the monomer-to-oxidant method showed
Mw = 227 000 (~ 1170 repeat units) and Mn = 123 000 while P(3OT) prepared by the
oxidant-to-monomer method showed Mw = 172 000 (~ 880 repeat units) and Mn = 40
000. As was the case for P(3HT) above, the inherent higher concentration of FeCl3
associated with the monomer-to-oxidant method was responsible for the higher
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molecular weight of P(3OT) prepared using this method compared to P(3OT) prepared
using the oxidant-to-monomer method.

(a)

(b)

Figure 6.2: SEC of P(3HT) synthesised via (a) monomer-to-oxidant method and (b)
oxidant-to-monomer method.

Figure 6.4 shows the 1H NMR spectra of P(3HT) prepared by the monomer-to-oxidant
method (Figure 6.4(a)) and by the oxidant-to-monomer method (Figure 6.4(b)). Sato et
al [2] attributed the peaks at δ = 2.56 ppm and δ = 2.79 ppm in the 1H NMR spectrum
of poly(3-dodecylthiophene) to the α-methylene protons of the dodecyl group.
Specifically these were shown to correspond to head-to-tail (HT) and head-to-head
(HH) linkages, respectively. The peaks at δ = 2.57 ppm and δ = 2.80 ppm in the 1H
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NMR spectrum of P(3HT) prepared by oxidant-to-monomer method (Figure 6.4(b))
were integrated to reveal that 88.6 % of linkages were HT and the remaining 11.4 % of
linkages were HH. The higher molecular weight of P(3HT) prepared by monomer-tooxidant method resulted in peak broadening (Figure 6.4(a)) which meant that accurate
integration of the peaks at δ = 2.56 ppm and δ = 2.80 ppm was not possible. Therefore
the ratio between HT and HH linkages for P(3HT) prepared by the monomer-to-oxidant
method could not be determined. In turn this meant that the effect of using either
chemical polymerisation method on the HT:HH ratio could not be ascertained here.

(a)

(b)

Figure 6.3: SEC of P(3OT) synthesised via (a) monomer-to-oxidant method and (b)
oxidant-to-monomer method.
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(a)

(b)

Figure 6.4: 1H NMR spectra of P(3HT) synthesised via (a) monomer-to-oxidant
method and (b) oxidant-to-monomer method.

Figure 6.5 shows the 1H NMR spectra of P(3OT) prepared by the monomer-to-oxidant
method (Figure 6.5(a)) and by the oxidant-to-monomer method (Figure 6.5(b)).
Integration of the peaks at δ = 2.55 ppm and δ = 2.80 ppm in Figure 6.5(b) revealed
89.6 % HT and 10.4 % HH linkages for P(3OT) prepared by the oxidant-to-monomer
method. The analogous integration of Figure 6.5(a) was not possible due to peak
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broadening associated with the high molecular weight. Therefore the HT:HH ratio could
not be determined for P(3OT) prepared by the monomer-to-oxidant method. As in the
situation for P(3HT) described above, the effect of using either the monomer-to-oxidant
or oxidant-to-monomer method on the HT:HH ratio could not be ascertained here.

(a)

(b)

Figure 6.5: 1H NMR spectra of P(3OT) synthesised via (a) monomer-to-oxidant
method and (b) oxidant-to-monomer method.
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The characteristics of P(3HT) and P(3OT) polymers synthesised by both monomer-tooxidant and oxidant-to-monomer methods, as determined by SEC and 1H NMR
analyses, are summarised in Table 6.1.

Table 6.1:

Selected characteristics of P(3HT) and P(3OT) synthesised via
monomer-to-oxidant and oxidant-to-monomer methods, as determined
by SEC and 1H NMR spectroscopy.

Polymer

Synthesis
Method

Mw

Mn

PDI

HT:HH Ratio

P(3HT)

m-to-o

148 000

70 000

2.11

-

P(3HT)

o-to-m

97 000

31 000

3.15

88.6 % : 11.4 %

P(3OT)

m-to-o

227 000

123 000

1.85

-

P(3OT)

o-to-m

172 000

40 000

4.25

89.6 % : 10.4 %

6.3.2 Properties of Poly(3-hexylthiophene) Films

CV characterisation for 5 cycles of a film on ITO coated glass made from P(3HT)
synthesised via the monomer-to-oxidant method revealed stable and reversible redox
properties with two distinct redox couples observed, namely a minor one at + 0.39 V / +
0.28 V (A/A1) and a major one at + 0.85 V / + 0.59 V (B/B1) (Figure 6.6). A similar
redox couple to the one at + 0.39 V / + 0.28 V in Figure 6.6 was observed by
Yamamoto and co-workers [3] in their study of a range of regioregular and regiorandom
P(3HT)s, which showed oxidation peaks at ~ + 0.4 V and reverse reduction peaks at ~ +
0.25 V (vs. Ag/Ag+). No oxidation peaks at higher potentials were observed in the study
by Yamamoto and co-workers since an upper potential limit only as high as + 0.5 V was
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used. In contrast to this, Trznadel and co-workers [4] observed two oxidation peaks at +
0.58 V and + 0.97 V (vs. Ag/AgCl) for the THF-soluble fraction of regioregular
P(3HT). These peaks seem to correspond to peaks A and B in Figure 6.6. The authors
attributed the two oxidation peaks for P(3HT) to the sequence of redox processes
starting with neutral and going through to polaron and bipolaron electronic states [4].
During cycling of the potential the colour of the P(3HT) film was observed to change
reversibly from red (reduced) to blue (oxidised). The presence of an oxidation peak
coupled to the stability of the electrochemical response in Figure 6.6 was in contrast to
the limitation on the electrochemical characterisation of P(TTh) discussed in section
3.3, where the use of an upper potential limit high enough to induce of an oxidation
peak resulted in polymer degradation.
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Figure 6.6: CV characterisation for 5 cycles of P(3HT) synthesised via monomer-tooxidant method using lower potential limit = - 0.4 V, upper potential limit
= + 1.2 V and scan rate = 100 mVs-1 ; electrolyte: 0.1 M TBAP in ACN.
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When a film on ITO coated glass made from P(3HT) synthesised via the oxidant-tomonomer method was characterised using CV for 5 cycles, stable and reversible redox
properties were observed (Figure 6.7). In contrast to P(3HT) synthesised via the
monomer-to-oxidant method (Figure 6.6), P(3HT) prepared by the oxidant-to-monomer
method only showed a minor oxidation signal (as opposed to a peak) at + 0.47 V, for
which a reverse reduction peak was not observed, and did not show an oxidation peak at
higher potentials. This suggested that P(3HT) synthesised via the oxidant-to-monomer
method (no oxidation peak) was more difficult to oxidise than P(3HT) synthesised via
the monomer-to-oxidant method (oxidation peak at + 0.85 V). Another possibility for
the considerable differences between Figures 6.6 and 6.7 may have been due to different
amounts of polymer on the electrode as a consequence of the spin-coating technique,
although this was not measured. Similar to P(3HT) synthesised by the monomer-tooxidant method, P(3HT) prepared by the oxidant-to-monomer method showed
reversible colour change from red (reduced) to blue (oxidised) during cycling of the
potential.

The UV-Vis spectra of a P(3HT) solution (in chloroform) and a P(3HT) film for P(3HT)
synthesised via oxidant-to-monomer method are shown in Figure 6.8. The solution
spectrum (Figure 6.8(a)) showed a peak corresponding to π−π∗ transitions at ~ 435 nm,
which was significantly red-shifted to ~ 505 nm when P(3HT) was cast as a film (Figure
6.8(b)), indicating solvatochromic properties. The film spectrum also showed a broad
absorption centred at ~ 975 nm, which was absent from the solution spectrum and
which may have been due to a partial oxidation of the P(3HT) in air. The ~ 70 nm redshift in the π−π∗ peak when P(3HT) was cast as a film indicated an increase in the
conjugation length of the polymer. In turn this suggested that an extended conformation
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was imparted with the evaporation of solvent. The red-shift in the π−π∗ peak was
visually observed as a colour change from bright orange to red in going from a solution
to a film.
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Figure 6.7: CV characterisation for 5 cycles of P(3HT) synthesised via oxidant-tomonomer method using lower potential limit = - 0.4 V, upper potential
limit = + 1.2 V and scan rate = 100 mVs-1; electrolyte: 0.1 M TBAP in
ACN.

Figure 6.9 illustrates the UV-Vis spectra for P(3HT) solution (Figure 6.9(a)) and film
(Figure 6.9(b)) for P(3HT) synthesised via the monomer-to-oxidant method. Similar to
the UV-Vis properties observed in Figure 6.8 for P(3HT) synthesised via the oxidant-tomonomer method, the π−π∗ peak shifted from ~ 435 nm for the P(3HT) solution to ~
505 nm for the P(3HT) film.
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Figure 6.8: UV-Vis spectra of P(3HT) synthesised via oxidant-to-monomer method (a)
solution and (b) film.
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Figure 6.9: UV-Vis spectra of P(3HT) synthesised via monomer-to-oxidant method (a)
solution and (b) film.

The in-situ spectroelectrochemical properties of P(3HT) (prepared via the oxidant-tomonomer method) for applied potentials of 0.0 V, + 0.2 V and then every 0.1 V up to
and including + 0.6 V are illustrated in Figure 6.10. Absorption due to π-π* transitions
decreased as the oxidation state was raised, while a corresponding increase in
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absorption at longer wavelengths (i.e. formation of a ‘free carrier tail’) also occurred,
indicating an increase in conductivity with increasing oxidation state.
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Figure 6.10: In situ spectroelectrochemistry of P(3HT) for applied potentials of 0.0 V,
+ 0.2 V and then every 0.1 V up to and including + 0.6 V; P(3HT)
synthesised via oxidant-to-monomer method.

Films from P(3HT) synthesised via the monomer-to-oxidant method were assembled
into PECs and tested for photovoltaic properties. PECs were illuminated through both
the P(3HT)-coated ITO-coated glass and Pt-coated ITO-coated glass sides. In general,
relatively poor photovoltaic performances were encountered, with the best PEC
showing Isc = 16 µAcm-2, open-circuit-potential (Voc) = 72 mV, fill-factor (FF) = 27.4 %
and power-conversion-efficiency (PCE) = 0.0006 %. The current-voltage (I-V)
characteristics in the dark and under illumination of the best PEC are illustrated in
Figure 6.11. One of the contributing factors to the poor photovoltaic properties observed
for PECs based on P(3HT) synthesised via the monomer-to-oxidant method was the
very smooth surface of the P(3HT) film. This is illustrated in the SEM image in Figure

Chapter 6: Synthesis of Soluble P(3AT)s and use as Photovoltaic and Electrochromic Materials

168

6.12, which shows the surface morphology of P(3HT) synthesised via the monomer-tooxidant method. The smooth surface would have resulted in a relatively small interfacial
contact area between P(3HT) and I3-/I- liquid electrolyte and therefore relatively poor
charge transfer across the interface leading to poor photovoltaic properties.
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Figure 6.11: I-V characteristics in the dark and under illumination of the best PEC
based on P(3HT); P(3HT) synthesised via monomer-to-oxidant method.

Figure 6.12: SEM image of a spin-coated film of P(3HT) synthesised via the
monomer-to-oxidant method; magnification = 1 x 104.
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PECs based on P(3HT) synthesised via the oxidant-to-monomer method showed even
worse performance compared to PECs based on P(3HT) prepared via the monomer-tooxidant method. All of the PCE values obtained were < 0.0001 %. The reason for the
poorer photovoltaic properties of P(3HT) prepared via the oxidant-to-monomer method
compared to P(3HT) prepared via the monomer-to-oxidant method may have been due
to the lower molecular weight of the former (Mw = 97 000) compared to the latter (Mw =
148 000). This is especially relevant since almost no variation in the morphological
characteristics of P(3HT) prepared using these different methods was observed. The
surface morphology of P(3HT) synthesised via the oxidant-to-monomer method is
illustrated in the SEM image in Figure 6.13. The smooth surface observed was
analogous to that observed for P(3HT) synthesised via the monomer-to-oxidant method
(Figure 6.12).

Figure 6.13: SEM image of a spin-coated film of P(3HT) synthesised via the oxidantto-monomer method; magnification = 1 x 104.

6.3.3 Properties of Poly(3-octylthiophene) Films

CV characterisation for 5 cycles of an ITO coated glass working electrode coated with
P(3OT) synthesised via the monomer-to-oxidant method and immersed in a monomer-
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free electrolyte indicated stable and reversible redox behaviour (Figure 6.14). A minor
redox couple occurred at + 0.38 V / + 0.29 V (A/A1) while a major redox couple was
observed at + 0.87 V / + 0.58 V (B/B1). The redox behaviour observed for P(3OT) was
similar to that observed for P(3HT) in section 6.3.2, as were the reasons for such redox
behaviour and the reversible colour change from red (reduced) to blue (oxidised).
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Figure 6.14: CV characterisation for 5 cycles of P(3OT) synthesised via monomer-tooxidant method using lower potential limit = - 0.4 V, upper potential
limit = + 1.2 V and scan rate = 100 mVs-1; electrolyte: 0.1 M TBAP in
ACN.

For an ITO coated glass working electrode coated with P(3OT) synthesised via the
oxidant-to-monomer method, stable and reversible redox properties similar to those
described above were observed (Figure 6.15). A minor redox couple at + 0.43 V / +
0.25 V (A/A1) and a major redox couple at + 0.88 V / + 0.58 V (B/B1) were observed,
similar to those observed above for P(3OT) synthesised by the monomer-to-oxidant
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method. The similarity of the electrochemical characteristics of P(3OT) synthesised via
either the monomer-to-oxidant or oxidant-to-monomer method was in contrast to the
considerable differences in electrochemical properties observed for P(3HT) synthesised
using different methods (refer section 6.3.2). Such similarity was somewhat surprising
due to the relatively large disparity between the molecular weights of P(3OT)
synthesised via the monomer-to-oxidant method (Mw = 227 000) and oxidant-tomonomer method (Mw = 172 000).
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Figure 6.15: CV characterisation for 5 cycles of P(3OT) synthesised via oxidant-tomonomer method using lower potential limit = - 0.4 V, upper potential
limit = + 1.2 V and scan rate = 100 mVs-1; electrolyte: 0.1 M TBAP in
ACN.

UV-Vis spectra of P(3OT) in chloroform solution and as a film are shown in Figure
6.16 for P(3OT) synthesised via the monomer-to-oxidant method. The solution
spectrum (Figure 6.16(a)) was characterised by a peak at ~ 435 nm corresponding to
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π−π∗ transitions, which underwent a red-shift to ~ 540 nm when spin cast into a film
(Figure 6.16(b)). This was similar to the red-shift phenomenon observed for P(3HT) in
section 6.3.2. As was the case for P(3HT), the red-shift of the π−π∗ peak in going from
P(3OT) solution to P(3OT) film was observed visually as a colour change from bright
orange to red, respectively.
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Figure 6.16: UV-Vis spectra of P(3OT) synthesised via monomer-to-oxidant method
(a) solution and (b) film.

UV-Vis spectra of P(3OT) in chloroform solution and as a film for P(3OT) synthesised
via the oxidant-to-monomer method are illustrated in Figure 6.17. The solution
spectrum (Figure 6.17(a)) showed a peak absorption corresponding to π−π∗ transitions
at ~ 435 nm. Similar to P(3OT) synthesised by oxidant-to-monomer method, this peak
was red-shifted considerably to ~ 510 nm for the spin-coated film (Figure 6.17(b)).
Again, the red-shift of the π−π∗ peak in going from P(3OT) solution to P(3OT) film
was visually observed as a colour change from bright orange to red, respectively.
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Figure 6.17: UV-Vis spectra of P(3OT) synthesised via oxidant-to-monomer method
(a) solution and (b) film.

Figure 6.18 shows the in-situ spectroelectrochemical properties of P(3OT) synthesised
via the oxidant-to-monomer method for applied potentials of + 0.2 V and then every 0.1
V up to and including + 0.7 V. Similar to the spectroelectrochemical properties of
P(3HT) (Figure 6.10), absorption due to π-π* transitions decreased and a corresponding
increase in absorption at longer wavelengths was observed as the oxidation state was
raised, indicating an increase in conductivity.

PECs based on P(3OT) synthesised via the monomer-to-oxidant method showed
relatively poor photovoltaic properties, with the best PEC showing Isc = 13 µAcm-2, Voc
= 100 mV, FF = 33.0 % and PCE = 0.0008 %. The PCE of 0.0008 % was similar to the
0.0006 % achieved for the best PEC based on P(3HT) synthesised using the same
method (refer section 6.3.2). The I-V characteristics in the dark and under illumination
of the best PEC based on P(3OT) are illustrated in Figure 6.19. One of the main reasons
for the poor performance of PECs based on P(3OT) synthesised via the monomer-tooxidant method was the relatively smooth surface of spin-coated films. Figure 6.20,
shows an SEM image of P(3OT) synthesised via the monomer-to-oxidant method. The
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circular features in Figure 6.20 were likely formed during spin-coating of the film and
evaporation of the chloroform solvent. Despite the presence of such circular features,
the surface in Figure 6.20 may still be considered relatively smooth.
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Figure 6.18: In situ spectroelectrochemistry of P(3OT) for applied potentials of + 0.2
V and then every 0.1 V up to and including + 0.7 V; P(3OT) synthesised
via oxidant-to-monomer method.
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Figure 6.19: I-V characteristics in the dark and under illumination of the best PEC
based on P(3OT); P(3OT) synthesised via monomer-to-oxidant method.
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Figure 6.20: SEM image of a spin-coated film of P(3OT) synthesised via the
monomer-to-oxidant method; magnification = 1 x 104.

The best PCE for PECs based on P(3OT) synthesised via the oxidant-to-monomer
method was < 0.0001 %. In this way the relative photovoltaic properties between
P(3OT) synthesised via the oxidant-to-monomer and monomer-to-oxidant methods
mirrored those between P(3HT) synthesised via the oxidant-to-monomer and monomerto-oxidant methods observed in section 6.3.2. Again, the main reason for this was
attributed to the lower molecular weight of P(3OT) synthesised via the oxidant-tomonomer method (Mw = 172 000) compared to P(3OT) synthesised via the monomerto-oxidant method (Mw = 227 000). The very poor photovoltaic properties of PECs
based on P(3OT) synthesised via the oxidant-to-monomer method was largely due to
the smooth surface of the spin-coated films. This is illustrated in Figure 6.21, which
shows an SEM image of P(3OT) synthesised via the oxidant-to-monomer method.
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Figure 6.21: SEM image of a spin-coated film of P(3OT) synthesised via the oxidantto-monomer method; magnification = 1 x 104.

6.3.4 Properties of Poly(3-hexylthiophene)/PCBM Films

Stable and reversible redox properties, including a redox couple at + 0.98 V / + 0.59 V,
were observed for the CV characterisation for 5 cycles of a P(3HT)/PCBM composite
film on ITO coated glass in a monomer-free electrolyte (Figure 6.22). The P(3HT)
component was synthesised via the monomer-to-oxidant method since it was known to
have better photovoltaic properties compared to P(3HT) synthesised via the oxidant-tomonomer method (refer section 6.3.2). The redox couple observed at + 0.98 V / + 0.59
V was similar to the redox couple observed at + 0.85 V / + 0.59 V for the CV
characterisation of P(3HT) synthesised via the monomer-to-oxidant method (Figure
6.6), and may be similarly attributed to the formation of the bipolaron electronic state
[4]. However, in contrast to P(3HT) on its own, the P(3HT)PCBM composite film did
not show a redox couple corresponding to the transition between neutral and polaron
electronic states. Rather, the P(3HT)/PCBM composite showed a direct transition
between neutral and bipolaron electronic states, as reflected in the presence of only one
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redox couple. In contrast to the colour change from red to blue for P(3HT) when cycled
between reduced and oxidised states (refer section 6.3.2), the colour of the
P(3HT)/PCBM film did not change when the applied potential was varied. The absence
of electrochromic properties for the P(3HT)/PCBM composite film is explained in the
discussion of UV-Vis spectra below.
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Figure 6.22: CV characterisation for 5 cycles of P(3HT)/PCBM composite film using
lower potential limit = - 0.4 V, upper potential limit = + 1.2 V and scan
rate = 100 mVs-1 ; P(3HT) synthesised via monomer-to-oxidant method;
electrolyte: 0.1 M TBAP in ACN.

Shifting the lower potential limit used to a more negative potential during the CV
characterisation of a P(3HT)/PCBM composite film on ITO coated glass in monomerfree electrolyte revealed the n-doping properties of the PCBM (Figure 6.23). Only the
first cycle is shown since the response was unstable. Reduction responses due to the
PCBM were observed at – 1.67 V (A) and at – 1.86 V (B), while the corresponding
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reverse oxidation responses were observed at – 1.68 V (B1) and – 1.14 V (A1). The ndoping responses attributable to PCBM in Figure 6.23 were somewhat similar to those
described in Chapter 5 for electrodeposited P(TTh) with a covalently attached C60
moiety. Similar n-doping responses attributed to C60 have been reported in the literature
[5].
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Figure 6.23: CV characterisation for 5 cycles of P(3HT)/PCBM composite film using
lower potential limit = - 2.0 V, upper potential limit = + 0.8 V and scan
rate = 100 mVs-1 ; P(3HT) synthesised via monomer-to-oxidant method;
electrolyte: 0.1 M TBAP in ACN.

UV-Vis spectra of a P(3HT)/PCBM solution in chloroform and a P(3HT)/PCBM film
are illustrated in Figure 6.24. The solution spectrum (Figure 6.24(a)) was characterised
by peaks at ~ 325 nm and ~ 435 nm. The peak at ~ 435 nm was assigned to π−π∗
transitions of P(3HT) in section 6.3.2, meaning that the peak at ~ 325 nm was therefore
due to absorption by the PCBM. The film spectrum (Figure 6.24(b)) demonstrated a
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red-shift in absorption due to π−π∗ transitions from ~ 435 nm to ~ 450 nm in going
from solution to film. This was much less than the ~ 70 nm red-shift in going from
P(3HT) solution to P(3HT) film observed in Figure 6.9. This suggested that the
extension of P(3HT) chains to longer conjugation lengths was inhibited in the presence
of PCBM. In turn, this suggested an intermolecular interaction between P(3HT) and
PCBM that inhibited increases in conjugation length. The inhibition of P(3HT) to longer
conjugation lengths in the presence of PCBM was visually observed in the
yellow/orange colour of P(3HT)/PCBM films, compared to the red colour of P(3HT)
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Figure 6.24: UV-Vis spectra of P(3HT)/PCBM composite (a) solution and (b) film;
P(3HT) synthesised via monomer-to-oxidant method.

P(3HT)/PCBM films were fabricated into PECs and tested for their photovoltaic
properties. The best PEC showed Isc = 194 µAcm-2, Voc = 264 mV, FF = 25.9 % and
PCE = 0.0266 %, results that represented the best photovoltaic performance reported in
this Chapter, and which are comparable to results reported in previous Chapters.
However, the best PCE of 0.0266 % does not compare favourably with literature values
for Schottky diodes based on analogous P(3AT)/PCBM composites (refer section 1.5.2
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and references therein). It is likely that the approach taken in this Chapter of fabricating
PECs out of P(3AT)/PCBM composites did not take full advantage of the photovoltaic
properties of these materials.

The best PCE value obtained for PECs based on P(3HT)/PCBM films (0.0266 %) was
vastly superior to that obtained for PECs based on P(3HT) synthesised via the
monomer-to-oxidant method (0.0006 %). This was likely due to the introduction of a
blend heterojunction between P(3HT) and PCBM, which would have resulted in greater
exciton dissociation. The I-V characteristics in the dark and under illumination of the
best PEC based on P(3HT)/PCBM are illustrated in Figure 6.25. An apparent lack of
diode behaviour was observed, instead replaced by resistor-type straight lines. In
general, PECs based on P(3HT)/PCBM behaved as photoconductors (in addition to
producing a photovoltaic effect) in that their conductivity increased dramatically when
exposed to light (increase in the slope of curves when illuminated, where slope = I/V =
1/R). Gebeyehu and co-workers [6] defined photoconductivity as the observation of
higher photocurrent compared to dark current under forward bias (i.e. during the
application of a positive potential across the device). In that work, photoconductivity
was observed for Schottky devices based on a P(3OT)/PCBM blend.

The improvement in the photovoltaic properties of P(3HT) with the introduction of
PCBM due to enhanced exciton dissociation was confirmed by the similar surface
morphologies of P(3HT) and P(3HT)/PCBM films. The surface morphology of a spincoated film of P(3HT)/PCBM is illustrated in the SEM image shown in Figure 6.26.
The smooth surface was very similar to that observed for P(3HT) synthesised via the
monomer-to-oxidant method (Figure 6.12). The similar surface areas of P(3HT)/PCBM
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and P(3HT) films inferred from the SEM images of these materials confirmed that the
vastly superior photovoltaic properties of the former were due to the formation of a
blend heterojunction between P(3HT) and PCBM, rather than morphological effects.

240

-2

I (µ Acm )

180

illuminated

120

60

0
-0.05

0

0.05

0.1

0.15

0.2

0.25

0.3

dark

-60

E (V)

Figure 6.25: I-V characteristics in the dark and under illumination of the best PEC
based on P(3HT)/PCBM; P(3HT) synthesised via monomer-to-oxidant
method.

Figure 6.26: SEM image of a spin-coated film of P(3HT)/PCBM; P(3HT) synthesised
via the monomer-to-oxidant method; magnification = 1 x 104.
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6.3.5 Properties of Poly(3-octylthiophene)/PCBM Films

Reasonably stable and reversible redox behaviour was observed, which included a redox
couple at + 1.00 V / + 0.60 V, when a P(3OT)/PCBM composite film on ITO coated
glass was characterised using CV for 5 cycles in a monomer-free electrolyte (Figure
6.27). P(3OT) synthesised via the monomer-to-oxidant method was used since it was
known to have better photovoltaic properties compared to P(3OT) synthesised via the
oxidant-to-monomer method (refer section 6.3.3). The redox couple at + 1.00 V / + 0.60
V was similar to the major redox couple observed at + 0.87 V / + 0.58 V for P(3OT)
synthesised via the monomer-to-oxidant method (Figure 6.14). In accordance with the
discussion of the redox properties of P(3HT)/PCBM in section 6.3.4, the presence of
only one redox couple for the P(3OT)/PCBM composite suggested a direct transition
between neutral and bipolaron electronic states. No change in colour of the
P(3OT)/PCBM film was observed when cycled between reduced and oxidised states, in
contrast to the colour change from red to blue for P(3OT) (section 6.3.3). A likely
reason for the lack of electrochromic properties of the P(3OT)/PCBM composite film is
provided in the discussion of UV-Vis spectra below.

Using a more negative lower potential limit during the CV characterisation of a
P(3OT)/PCBM composite film on ITO coated glass in monomer-free electrolyte
enabled the observation of n-doping properties (Figure 6.28). Only the first cycle is
shown in Figure 6.28 due to the instability of the response. Reduction responses due to
PCBM included those observed at – 1.58 V (B) and – 1.88 V (C), while the
corresponding reverse oxidation responses were observed at – 1.62 V (C1) and – 1.14 V
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(B1). These redox properties were similar to those described in section 6.3.4 for
P(3HT)/PCBM. The reduction response at – 0.90 V (A) did not appear to be reversible.
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Figure 6.27: CV characterisation for 5 cycles of P(3OT)/PCBM composite film using
lower potential limit = - 0.4 V, upper potential limit = + 1.2 V and scan
rate = 100 mVs-1 ; P(3OT) synthesised via monomer-to-oxidant method;
electrolyte: 0.1 M TBAP in ACN.

UV-Vis spectra of P(3OT)/PCBM in chloroform solution and as a film are illustrated in
Figure 6.29. The solution spectrum (Figure 6.29(a)) was characterised by peaks at ~ 330
nm (PCBM) and ~ 435 nm (π−π∗ transitions). The film spectrum (Figure 6.29(b)) was
near identical to the solution spectrum, except for an additional broad absorption
centred at ~ 1010 nm. The lack of a red-shift in the π−π∗ peak in going from a solution
to a film was in contrast to the substantial red-shift observed for P(3OT) synthesised via
the monomer-to-oxidant method (Figure 6.16). This suggested that the presence of
PCBM inhibited the P(3OT) from extending to longer conjugation lengths when cast as
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a film. This type of inhibition was also suggested to explain the results regarding the
UV-Vis spectra of P(3HT)/PCBM in solution and as a film (Figure 6.24). In turn, such
inhibition suggested a strong intermolecular interaction between P(3OT) and PCBM.
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Figure 6.28: CV characterisation for 5 cycles of P(3OT)/PCBM composite film using
lower potential limit = - 2.0 V, upper potential limit = + 1.2 V and scan
rate = 100 mVs-1; P(3OT) synthesised via monomer-to-oxidant method.;
electrolyte: 0.1 M TBAP in ACN.

The photovoltaic properties of PECs based on P(3OT)/PCBM composite films were a
vast improvement on the photovoltaic properties of PECs based on P(3OT) synthesised
via the monomer-to-oxidant method, for which the best PCE was 0.0008 %. The best
PEC based on P(3OT)/PCBM showed Isc = 178 µAcm-2, Voc = 124 mV, FF = 25.6 %
and PCE = 0.0113 %. The reason for the great improvement in photovoltaic properties
of P(3OT) with the addition of PCBM was likely due to the introduction of a bulk
heterojunction and enhanced exciton dissociation. The I-V characteristics in the dark
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and under illumination of the best PEC based on P(3OT)/PCBM are illustrated in Figure
6.30. As for the I-V characteristics of the best PEC based on P(3HT)/PCBM (Figure
6.25), a lack of diode behaviour was observed. Instead photoconductivity was evident,
in addition to a photovoltaic effect.
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Figure 6.29: UV-Vis spectra of P(3OT)/PCBM composite (a) solution and (b) film;
P(3OT) synthesised via monomer-to-oxidant method.
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Figure 6.30: I-V characteristics in the dark and under illumination of the best PEC
based on P(3OT)/PCBM; P(3OT) synthesised via monomer-to-oxidant
method.

Chapter 6: Synthesis of Soluble P(3AT)s and use as Photovoltaic and Electrochromic Materials

186

Figure 6.31 shows an SEM image illustrating the relatively smooth surface morphology
of a P(3OT)/PCBM film. The circular features observed in Figure 6.31 were likely
created by solvent evaporation during spin-coating and did not appear to roughen the
relatively smooth surface to any significant extent. The morphology observed was very
similar to that of P(3OT) synthesised via the monomer-to-oxidant method (Figure 6.20).
The similarity of surface morphologies observed for both P(3OT)/PCBM and P(3OT)
confirm that the introduction of a bulk heterojunction and enhanced exciton dissociation
were the main reasons for the greatly enhanced photovoltaic properties of the former
compared to the latter. It appears that surface morphology played little if any role in the
determination of photovoltaic properties.

Figure 6.31: SEM image of a spin-coated film of P(3OT)/PCBM; P(3OT) synthesised
via the monomer-to-oxidant method; magnification = 1 x 104.

6.3.6 Investigations into the Electropolymerisation of 3-alkylthiophenes and
Characterisation of Resultant Polymers

Cycling the potential applied to an ITO coated glass working electrode immersed in a
3HT monomer solution resulted in the deposition of P(3HT) in spots over the electrode
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surface, as opposed to a continuous film (Figure 6.32). P(3HT) also grew in spots and
not as a continuous film when using CI or constant potential (CE) techniques and
various parameters. The increase in current with successive sweeping of the potential
indicated that the spotty electrodeposit was a conducting polymer (CP). The potential
generated during growth of P(3HT) by CI using a current density of 0.5 mAcm-2 (as it
related to the area of P(3HT) growth attempted) was ~ + 1.27 V and decreased steadily
with electropolymerisation time, also indicative of the growth of a CP.
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Figure 6.32: Electrochemical growth of P(3HT) by CV to 5 cycles using lower
potential limit = - 0.4 V, upper potential limit = + 1.5 V and scan rate =
100 mVs-1; electropolymerisation solution: 0.1 M 3HT and 0.1 M TBAP
in a 3:1 mixture of ACN:DCM.

Stable and reversible redox properties, including a redox couple at + 0.85 V / + 0.60 V,
were observed when the spotty P(3HT) electrodeposit on ITO coated glass was
characterised using CV for 5 cycles in a monomer-free electrolyte (Figure 6.33). The
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redox couple at + 0.85 V / + 0.60 V for electrodeposited P(3HT) was nearly identical to
the redox couple observed at + 0.85 V / + 0.59 V for P(3HT) synthesised via the
monomer-to-oxidant method (Figure 6.6). However, in contrast to P(3HT) synthesised
via the monomer-to-oxidant method, no minor redox couple was observed for
electrodeposited P(3HT). This suggests that a direct transition between neutral and
bipolaron electronic states occurred for electrodeposited P(3HT) [4]. A reversible colour
change in the spotty P(3HT) electrodeposit from orange/brown to green was observed
during cycling between reduced and oxidised states, respectively. Due to the spotty
nature of the P(3HT) electrodeposit, UV-Vis spectroscopy was not attempted.
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Figure 6.33: Post-growth CV characterisation for 5 cycles of electrodeposited P(3HT)
using lower potential limit = - 0.4 V, upper potential limit = + 1.0 V and
scan rate = 100 mVs-1 ; electrolyte: 0.1 M TBAP in ACN.

Unlike attempts to electrodeposit P(3HT), cycling the potential applied to an ITO coated
glass working electrode immersed in a 3OT monomer solution resulted in deposition of
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a continuous P(3OT) film (Figure 6.34). The increasing current response with
successive cycling indicated the growth of a CP. P(3OT) was also grown readily by CI
using a current density of 0.5 mAcm-2. The potential generated during growth was ~ +
1.24 V, similar to the ~ + 1.27 V generated during growth of P(3HT) under analogous
conditions, and decreased steadily with electropolymerisation time, indicative of the
growth of a CP.
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Figure 6.34: Electrochemical growth of P(3OT) by CV to 10 cycles using lower
potential limit = - 0.4 V, upper potential limit = + 1.5 V and scan rate =
100 mVs-1; electropolymerisation solution: 0.1 M 3OT and 0.1 M TBAP
in a 3:1 mixture of ACN:DCM.

Cycling of the potential applied to an ITO coated glass working electrode coated with a
P(3OT) electrodeposit and immersed in a monomer-free electrolyte indicated stable and
reversible redox properties, including a redox couple at + 0.92 V / + 0.72 V (Figure
6.35). Both the oxidation and reduction peaks of this redox couple were shifted to
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slightly higher potentials compared to P(3OT) synthesised via the monomer-to-oxidant
method (+ 0.87 V / + 0.58 V) (Figure 6.14) and P(3OT) synthesised via the oxidant-tomonomer method (+ 0.88 V / + 0.58 V) (Figure 6.15). As for the discussion regarding
the redox properties of electrodeposited P(3HT), the presence of only one redox couple
for electrodeposited P(3OT) suggested a direct transition between neutral and bipolaron
electronic states. A reversible colour change between orange/brown and blue was also
observed between reduced and oxidised states, respectively.
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Figure 6.35: Post-growth CV characterisation for 5 cycles of electrodeposited P(3OT)
using lower potential limit = - 0.4 V, upper potential limit = + 1.0 V and
scan rate = 100 mVs-1 ; electrolyte: 0.1 M TBAP in ACN.

P(3OT) films prepared by electropolymerisation using CV and CI techniques were
assembled into PECs and tested for photovoltaic properties. The best PEC was based on
P(3OT) grown by CI using current density of 0.5 mAcm-2 up to a charge density of 100
mCcm-2, and showed Isc = 19 µAcm-2, Voc = 204 mV, FF = 23.7 % and PCE = 0.0019
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%. The I-V characteristics in the dark and under illumination of the best PEC are
illustrated in Figure 6.36.
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Figure 6.36: I-V characteristics in the dark and under illumination of the best PEC
based on electrodeposited P(3OT).

The PCE of 0.0019 % obtained for the best PEC based on electrodeposited P(3OT)
compared favourably to the best PCE results obtained for PECs based on films of
P(3OT) prepared by either the monomer-to-oxidant method (0.0008 %) or oxidant-tomonomer method (< 0.0001 %) (section 6.3.3). A possible reason for these differences
in photovoltaic performance may have been surface morphology. Figure 6.37 shows an
SEM image of P(3OT) grown by CI using a current density of 0.5 mAcm-2 up to a
charge density of 100 mCcm-2. The electrodeposited P(3OT) exhibited a surface
morphology that included small (~ 1-2 µm) diameter globular particles. Such
morphology may be considered as having a higher surface area than the very smooth
surfaces of spin-coated films of P(3OT), where the P(3OT) was synthesised via either
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the monomer-to-oxidant (Figure 6.20) or oxidant-to-monomer (Figure 6.21) method. In
turn, the higher surface area of electrodeposited P(3OT) could explain the higher PCE
of PECs based on this material compared to PECs based on spin-coated P(3OT).
However, the relative amounts of P(3OT) laid down onto the ITO coated glass substrate
by either electrodeposition or spin-coating were not quantified. The actual amount of
P(3OT) present in either case may have affected the resultant photovoltaic properties.

Figure 6.37: SEM image of an electrodeposited P(3OT) film grown by CI using
current density of 0.5 mAcm-2 up to 100 mCcm-2; magnification = 1 x
104.

6.4

Conclusions

The characteristics as determined by SEC and 1 H NMR spectroscopy of P(3HT) and
P(3OT) synthesised by oxidative polymerisation via either the monomer-to-oxidant or
oxidant-to-monomer method were summarised in Table 6.1. The use of the monomerto-oxidant method led to higher molecular weight polymers compared to the use of the
oxidant-to-monomer method for both P(3HT) and P(3OT). P(3HT) and P(3OT)
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synthesised via the oxidant-to-monomer method demonstrated HT:HH ratios of 88.6 %
: 11.4 % and 89.6 % : 10.4 %, respectively.

Spin-coated films of P(3HT), P(3OT), P(3HT)/PCBM and P(3OT)/PCBM on ITO
coated glass demonstrated stable and reversible redox properties. The incorporation of
PCBM in composites led to the observation of n-doping when samples were cycled to a
very negative potential, however this was unstable and decreased considerably beyond
the first cycle.

UV-Vis spectroscopy revealed the solvatochromic properties of P(3HT) and P(3OT),
which were observed in spectra as red-shifts (~ 70 nm) in π−π∗ peaks in going from
P(3AT) solutions to P(3AT) films. Such solvatochromism was suppressed when these
P(3AT)s were blended with PCBM. This suggested the presence of intimate
intermolecular interactions between P(3AT)s and PCBM, leading to a restriction on the
ability of P(3AT) chains to extend to longer conjugation lengths upon polymer
oxidation.

In situ spectroelectrochemistry of P(3HT) and P(3OT) films revealed gradual evolution
of the UV-Vis absorption characteristics as the applied potential (and hence oxidation
state) was raised. Specifically, this entailed falls in π−π∗ absorption intensities coupled
to corresponding increases in absorption at longer wavelengths.

The best PCE results obtained for PECs based on P(3HT)/PCBM and P(3OT)/PCBM
were 0.0226 % and 0.0113 %, respectively, where the P(3HT) and P(3OT) components
were synthesised via the monomer-to-oxidant method. These PCE values were vastly
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superior to the best results obtained for PECs based on P(3HT) and P(3OT) synthesised
using the same method (0.0006 % and 0.0008 %, respectively), however substantially
lower than results reported in the literature for Schottky diodes based on P(3AT)/C60
composites (refer section 1.5.1). SEM characterisation revealed that the surface
morphologies of P(3AT)/PCBM films were essentially the same as the surface
morphologies of the corresponding P(3AT) films without PCBM. This suggested that
the formation of bulk heterojunctions and enhanced exciton dissociation with the
introduction of PCBM was the main reason for the vastly superior photovoltaic
properties of P(3AT)/PCBM blends compared to the corresponding P(3AT)s. The I-V
characteristics of PECs based on P(3HT)/PCBM and P(3OT)/PCBM in the dark and
under illumination revealed photoconductivity effects in addition to photovoltaic
effects.

For comparative purposes, attempts were made to electrodeposit P(3HT) and P(3OT).
Only continuous films of P(3OT) were successfully electrodeposited onto ITO coated
glass, using CV and CI techniques. Although P(3HT) was electrodeposited onto ITO
coated glass, such deposits were spotty and not continuous. The best PCE of 0.0019 %
obtained for PECs based on electrodeposited P(3OT) was higher than the best PCE of
0.0008 % obtained for PECs based on P(3OT) synthesised via the monomer-to-oxidant
method. SEM characterisation revealed that this was likely due to the higher surface
area of electrodeposited P(3OT) compared to P(3OT) prepared by oxidative
polymerisation.
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7.1

Introduction

This Chapter considers the use of the ether-substituted terthiophenes 1,7-bis[3-methoxy4-(2-[2,2’:5’,2”-terthiophen-3’-yl]ethenyl)phenyl]-1,4,7-trioxaheptane

(II),

3’-(2-[4-

methoxy-3-(3,6,9,12-tetraoxatridec-1-yloxy)phenyl]ethenyl) - 2,2’:5’,2” - terthiophene
(III)

and

3’-(2-[3-methoxy-4-(3,6,9,12-tetraoxatridec-1-yloxy)phenyl]ethenyl)-

2,2’:5’,2”-terthiophene (IV) (Figure 7.1) as precursors to the corresponding
homopolymers and as comonomers with terthiophene (TTh) itself. Following
electrodeposition, polymers were characterised by post-growth cyclic voltammetry
(CV), UV-Vis spectroscopy and scanning electron microscopy (SEM). In addition,
photoelectrochemical cells (PECs) incorporating such polymers were fabricated and
tested for their photovoltaic properties.

The motivation behind the work presented in this Chapter was the possibility that the
ether functionalities of derivatives II, III and IV could act within polymer structures to
complex Li+. To investigate the possible advantage of this phenomenon in regard to
photovoltaics, a liquid electrolyte utilising LiI as the source of I- anions was compared
to the standard liquid electrolyte described in section 2.6, for which the source of Ianions was tetrapropylammonium iodide (TPAI). It was hoped that complexation of Li+
by polymers containing ether functionalities would lead to more efficient electron
transfer from photoexcited polymers to the liquid electrolyte, on account of the
electrostatic attraction of I3- anions to complexed Li+ cations.
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Figure 7.1: Structures of the ether-substituted terthiophenes 1,7-bis[3-methoxy-4-(2[2,2’:5’,2”-terthiophen-3’-yl]ethenyl)phenyl]-1,4,7-trioxaheptane (II), 3’(2-[4-methoxy-3-(3,6,9,12-tetraoxatridec-1-yloxy)phenyl]ethenyl)2,2’:5’,2”-terthiophene

(III)

and

3’-(2-[3-methoxy-4-(3,6,9,12-

tetraoxatridec-1-yloxy)phenyl]ethenyl)-2,2’:5’,2”-terthiophene (IV).
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7.2

Experimental

The TTh derivatives II, III and IV were synthesised at Massey University, New
Zealand, and used as received. Electropolymerisations were carried out using CV or
constant current (CI). For the growth of the homopolymers of II, III and IV, the
electropolymerisation

solution

contained

5

mM

monomer

and

0.1

M

tetrabutylammonium perchlorate (TBAP). The solvent used for the growth of P(II) was
a 1:1 mixture of acetonitrile:dichloromethane (ACN:DCM) since II was not very
soluble in ACN alone. Electropolymerisation solutions used for the growth of P(III) and
P(IV) were based on ACN. For the growth of polymers containing II, III or IV with
TTh, the electropolymerisation solution contained 2.5 mM monomer, 2.5 mM TTh and
0.1 M TBAP. The solvent was either a 1:1 mixture of ACN:DCM (for growth of
polymer containing II and TTh) or ACN (for growth of polymers containing III or IV
and TTh). All polymer samples were fully reduced in the electropolymerisation solution
by the application of – 0.5 V until the cathodic current reached a steady state close to
zero prior to incorporation into PECs and subsequent photovoltaic testing. Post-growth
CV characterisation was carried out in accordance with section 2.4.

The LiI-based liquid electrolyte used for PECs was prepared by dissolving appropriate
masses of I2 and LiI in a 1:1 (by weight) mixture of ethylene carbonate (EC) and
propylene carbonate (PC) to give concentrations of 60 mM I2 and 500 mM LiI. In this
way a triiodide/iodide (I3-/I-) redox couple was established. The analogous preparation
of the TPAI-based liquid electrolyte is described in section 2.6, where TPAI was used in
place of LiI.
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7.3

Results and Discussion

7.3.1 Electrodeposition and Characterisation of P(II)

Cycling the potential applied to an ITO coated glass working electrode immersed in a
monomer solution of II resulted in the deposition of a P(II) film (Figure 7.2). An anodic
peak at + 0.80 V and cathodic peaks at + 0.54 V and + 0.31 V were observed on the first
cycle, in addition to the oxidation onset potential observed at + 0.62 V. The current
increase and decrease in the oxidation onset potential with subsequent cycling of the
potential indicated the growth of a conducting polymer (CP). For the growth of P(II) by
CI using a current density of 0.5 mAcm-2, a potential of + 1.08 V was initially generated
before it increased steadily to + 1.20 V after 1 min 40 sec (this electropolymerisation
time corresponded to a charge density of 50 mCcm-2). The steady increase in the
generated potential possibly indicated that the P(II) deposit had a higher resistance than
the ITO coated glass electrode substrate.

Post-growth CV characterisation for 5 cycles of an ITO coated glass working electrode
coated with electrodeposited P(II) in monomer-free electrolyte revealed stable and
reversible redox properties, which included a redox couple at + 0.87 V / + 0.45 V
(Figure 7.3). Increasing the upper potential limit to + 1.2 V resulted in a steady decrease
in the current signal indicative of polymer degradation (not shown).
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Figure 7.2: Growth of P(II) on ITO coated glass by CV to 10 cycles using lower
potential limit = - 0.5 V, upper potential limit = + 1.1 V and scan rate =
100 mVs-1; electropolymerisation solution: 5 mM II and 0.1 M TBAP in
ACN/DCM.
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Figure 7.3: Post-growth CV characterisation for 5 cycles of P(II) on ITO coated glass
using lower potential limit = - 0.5 V, upper potential limit = + 1.1 V and
scan rate = 100 mVs-1 ; electrolyte: 0.1 M TBAP in ACN.
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UV-Vis spectra of oxidised and reduced P(II) are shown in Figure 7.4. The spectrum of
oxidised P(II) (Figure 7.4(a)) showed peaks at ~ 330 nm, ~ 470 nm (π−π* transitions)
and ~ 740 nm (π*-polaron). The peak at ~ 330 nm was likely due to the ether
functionality of II since such a peak was not previously observed in the UV-Vis spectra
of oxidised and reduced P(TTh) (Figure 3.3). Reduction of P(II) resulted in loss of the
π*-polaron band at ~ 740 nm, indicating a loss of conductivity (Figure 7.4(b)).
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UV-Vis spectra of P(II) (a) oxidised and (b) reduced.

Prior to photovoltaic testing of PECs based on P(II), the properties of the TPAI-based
and LiI-based liquid electrolytes were compared by using these electrolytes to fabricate
PECs based on identically prepared P(TTh) samples. PECs based on P(TTh) and using
the TPAI-based liquid electrolyte showed averaged photovoltaic properties of shortcircuit-current (Isc) = 100 µAcm-2, open-circuit-voltage (Voc) = 112 mV, fill-factor (FF)
= 30.0 % and power-conversion-efficiency (PCE) = 0.0067 %, while the use of the LiIbased liquid electrolyte gave similar photovoltaic properties of Isc = 109 µAcm-2, Voc =
102 mV, FF = 27.5 % and PCE = 0.0061 %. It was concluded that the use of LiI in
place of TPAI did not significantly alter the properties of the liquid electrolyte itself. As
a consequence, any variation in photovoltaic performance due to the use of either
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electrolyte in the following experiments was interpreted as the result of interactions
between the polymer and liquid electrolyte.

Of the PECs based on P(II) prepared, most showed relatively poor photovoltaic
properties when compared to the results in previous Chapters. When using the TPAIbased liquid electrolyte, the best PEC was based on P(II) grown by CV to 10 cycles
using a lower potential limit of – 0.5 V, an upper potential limit of + 0.9 V, and a scan
rate of 100 mVs-1. This PEC showed Isc = 41 µAcm-2, Voc = 124 mV, FF = 26.6 % and
PCE = 0.0027 %, and the current-voltage (I-V) characteristics in the dark and under
illumination are illustrated in Figure 7.5(a). When the LiI-based liquid electrolyte was
used to fabricate a PEC based on P(II) grown using the same conditions, photovoltaic
performance parameters of Isc = 82 µAcm-2, Voc = 86 mV, FF = 27.3 % and PCE =
0.0039 % were obtained. The I-V characteristics in the dark and under illumination of
this PEC are illustrated in Figure 7.5(b). The PCE of 0.0039 % obtained when using the
LiI-based liquid electrolyte represented a 44 % increase over the PCE of 0.0027 %
obtained when using the TPAI-based liquid electrolyte, however most of this ‘increase’
was actually due to a large background dark current (see Figure 7.5(b)).

Attempts to use CV to compare the electrochemistry of the I3-/I- redox couple in TPAIbased and LiI-based liquid electrolytes on an ITO coated glass working electrode coated
with P(II) were unsuccessful since it appeared that the overall response was dominated
by the P(II) (not shown). Another possible reason why the I3-/I- redox couple was not
observed in these CV experiments was also due to the absence of any Pt layer, and since
the I3-/I- redox couple is known to be irreversible in the absence of Pt [1].
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Figure 7.5: I-V characteristics in the dark and under illumination of PECs based on
P(II) grown by CV to 10 cycles using lower potential limit = - 0.5 V,
upper potential limit = + 0.9 V and scan rate = 100 mVs-1 for different
liquid electrolytes (a) TPAI-based and (b) LiI-based.

The surface morphology of a sample of P(II) grown by CV to 10 cycles using a lower
potential limit of – 0.5 V, an upper potential limit of + 0.9 V, and a scan rate of 100
mVs-1 is illustrated in the SEM image in Figure 7.6. It appears that the reason for the
relatively poor photovoltaic properties of P(II) compared to those in previous Chapters
was most likely due to compositional and not morphological differences. Compositional
differences may have included steric factors or regioregularity, for example. This
becomes evident when the reasonably rough surface morphology in Figure 7.6 is
compared to similar surface morphologies of P(TTh) presented in Chapter 3 (e.g. Figure
3.16). Even though similar surface morphologies were observed for P(II) and P(TTh),
the photovoltaic properties of the latter were greatly superior to those of the former.
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Figure 7.6: SEM image of a P(II) sample grown by CV for 10 cycles using lower
potential limit = - 0.5 V, upper potential limit = + 0.9 V and scan rate =
100 mVs-1; magnification = 1 x 104.

7.3.2 Electrodeposition and Characterisation of Polymer containing II and
Terthiophene

A polymeric film formed on an ITO coated glass working electrode immersed in a
monomer solution containing II and TTh when the applied potential was cycled (Figure
7.7). The oxidation onset potential for the mixture between II and TTh was observed at
+ 0.65 V on the first cycle. This was identical to the oxidation onset potential of TTh
(Figure 3.1) and very similar to the + 0.62 V oxidation onset potential observed during
the growth of P(II) by CV (Figure 7.2). The increase in current and decrease in
oxidation onset potential with subsequent cycling of the potential indicated the growth
of a CP. The general appearance of the growth CV in Figure 7.7 was quite different to
that observed for the growth of P(II) homopolymer (Figure 7.2), namely in that no
distinct anodic peaks were observed. This suggested the formation of a polymer with a
significantly different composition to that of the P(II) homopolymer, as expected.
Growth of the polymer containing II and TTh by CI using a current density of 0.5
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mAcm-2 proceeded at a steady potential of + 0.79 V, substantially lower than the + 1.08
V generated during the growth of P(II) under the same conditions (refer section 7.3.1).
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Figure 7.7: Growth of the polymer containing II and TTh on ITO coated glass by CV
to 10 cycles using lower potential limit = - 0.6 V, upper potential limit = +
1.1 V and scan rate = 100 mVs-1; electropolymerisation solution: 2.5 mM
II, 2.5 mM TTh and 0.1 M TBAP in ACN/DCM.

Stable and reversible redox properties were observed when the potential applied to an
ITO coated glass working electrode coated with the polymer containing II and TTh and
immersed in a monomer-free electrolyte was cycled (Figure 7.8). The redox properties
of the polymer containing II and TTh included a cathodic peak at + 0.31 V, although no
anodic peak was evident. However, when the upper potential limit was increased to +
1.2 V, a distinct anodic peak appeared at + 1.00 V (not shown). The presence of an
anodic peak suggested the presence of a significant proportion of II units when the postgrowth CV characterisation of P(II) (Figure 7.3) was taken into consideration. Equally
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the shift in the anodic peak from + 0.87 V for P(II) to + 1.00 V for the polymer
containing II and TTh suggested a significant proportion of TTh units within the
polymer since the CV characterisation of P(TTh) using upper potential limit of + 1.2 V
(not shown) did not show an anodic peak. In summary, the redox properties of the
polymer electrodeposited from a monomer mixture of II and TTh indicated the presence
of both co-monomers.
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Figure 7.8: Post-growth CV characterisation for 5 cycles of the polymer containing II
and TTh on ITO coated glass using lower potential limit = - 0.5 V, upper
potential limit = + 1.0 V and scan rate = 100 mVs-1; electrolyte: 0.1 M
TBAP in ACN.

UV-Vis spectra of the oxidised and reduced forms of the polymer containing II and
TTh are shown in Figure 7.9. Similar to the spectrum of oxidised P(II) (Figure 7.4(a)),
the spectrum of the oxidised polymer (Figure 7.9(a)) showed peaks at ~ 330 nm (ether
functionality), ~ 470 nm (π−π* transitions) and ~ 690 nm (π*-polaron). In addition, the
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oxidised polymer showed a ‘free carrier tail’ extending into the infrared, which was
absent from the spectrum of oxidised P(II). Reduction of the polymer containing II and
TTh resulted in the loss of the π*-polaron absorption and the ‘free carrier tail’,
indicating a loss of conductivity (Figure 7.9(b)).
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Figure 7.9: UV-Vis spectra of the polymer containing II and TTh (a) oxidised and (b)
reduced.

PECs based on the polymer containing II and TTh showed greatly improved
photovoltaic properties compared to those based on the P(II) homopolymer when using
the TPAI-based liquid electrolyte. The best PEC, and the best overall PEC in this
Chapter, was based on the polymer containing II and TTh grown by CI using a current
density of 0.5 mAcm-2 up to a charge density of 50 mCcm-2. This device showed Isc =
469 µAcm-2, Voc = 94 mV, FF = 28.7 % and PCE = 0.0253 %. The introduction of TTh
units gave an order of magnitude improvement in Isc compared to the best PEC based on
P(II) homopolymer, for which the Isc was 41 µAcm-2 when using TPAI-based liquid
electrolyte. The 0.0253 % PCE achieved for the best PEC based on the polymer
containing II and TTh was within the same order of magnitude compared to the best
PCE values reported in previous Chapters and to the PCE values of 0.021 % [2], 0.015
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% [3] and 0.101 % [4] previously reported for PECs based on P(TTh). In addition, the
best result for PECs based on the polymer containing II and TTh was within the same
order of magnitude as the PCE values reported for the similarly cross-linked
copolymers of terthiophene with bisterthiophene (0.069 %) [5] and copolymers of
terthiophene with a porphyrin-functionalised bisterthiophene (0.116 %) [6]. The I-V
characteristics in the dark and under illumination of the best PEC based on the polymer
containing II and TTh are illustrated in Figure 7.10(a).

When identically prepared samples of the polymer containing II and TTh to those above
were fabricated into PECs using the LiI-based liquid electrolyte, an inexplicable drop in
photovoltaic performance was observed. The best PEC showed Isc = 123 µAcm-2, Voc =
90 mV, FF = 29.4 % and PCE = 0.0065 %, and the I-V characteristics of this device in
the dark and under illumination are shown in Figure 7.10(b). The PCE of 0.0065 %
obtained when using the LiI-based liquid electrolyte represented a 74 % drop in
efficiency compared to when the TPAI-based liquid electrolyte was used. No obvious
reason for this drop can be provided since it was shown in section 7.3.1 that LiI-based
and TPAI-based liquid electrolytes yielded similar results when used within PECs based
on P(TTh).

The surface morphology of the polymer containing II and TTh grown by CI using a
current density of 0.5 mAcm-2 up to a charge density of 50 mCcm-2, illustrated in the
SEM image in Figure 7.11, was similar compared to the surface morphology of P(II)
(Figure 7.6). The greatly improved photovoltaic properties of the polymer containing II
and TTh compared to P(II) (using the TPAI-based liquid electrolyte) was therefore
largely due to the change in composition and not related to surface morphology.
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Figure 7.10: I-V characteristics in the dark and under illumination of PECs based on
the polymer containing II and TTh grown by CI using current density 0.5
mAcm-2 up to charge density 50 mCcm-2 for different liquid electrolytes
(a) TPAI-based and (b) LiI-based.

Figure 7.11: SEM image of the polymer containing II and TTh grown by CI using
current density 0.5 mAcm-2 up to charge density 50 mCcm-2 ;
magnification = 1 x 104.
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7.3.3 Electrodeposition and Characterisation of P(III)

A polymeric film of P(III) was formed on the surface of an ITO coated glass working
electrode immersed in a monomer solution of III when the applied potential was cycled
(Figure 7.12). After a relatively minor oxidation process at a potential of + 0.49 V, a
major oxidation process was observed on the first cycle at an onset potential of + 0.66
V, similar to that of + 0.62 V observed for the CV growth of P(II) (Figure 7.2). The
increase in current and decrease in the oxidation onset potential observed in Figure 7.12
with subsequent cycling of the potential indicated the growth of a CP. The growth of
P(III) by CI using a current density of 0.5 mAcm-2 proceeded steadily at + 0.69 V,
which was substantially lower than the + 1.08 V generated during the growth of P(II)
under analogous conditions.
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Figure 7.12: Growth of P(III) on ITO coated glass by CV to 10 cycles using lower
potential limit = - 0.5 V, upper potential limit = + 1.2 V and scan rate =
100 mVs-1; electropolymerisation solution: 5 mM III and 0.1 M TBAP
in ACN.
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Post-growth CV characterisation for 5 cycles of an ITO coated glass working electrode
coated with P(III) immersed in monomer-free electrolyte showed a relatively unstable
response as indicated by the decreasing current with successive cycling of the potential
(Figure 7.13). The electrochemical instability of P(III) was in contrast to the stability of
P(II) under analogous conditions (Figure 7.3), and may be partially due to the lack of
inherently cross-linked polymer chains, as in P(II). In addition, the electrochemical
instability of P(III) was also in contrast to the stability of P(TTh) under analogous
conditions (Figure 3.2). The relatively lower current signals observed during the CV
characterisation of P(III) compared to P(II) were likely due to the presence of less of
the former compared to the latter. No particular steps were taken to ensure that
consistent amounts of polymer were used for CV characterisation.
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Figure 7.13: Post-growth CV characterisation for 5 cycles of P(III) on ITO coated
glass using lower potential limit = - 0.5 V, upper potential limit = + 1.0
V and scan rate = 100 mVs-1; electrolyte: 0.1 M TBAP in ACN.
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The UV-Vis spectra of oxidised and reduced P(III) are illustrated in Figure 7.14. The
spectrum of oxidised P(III) (Figure 7.14(a)) was characterised by peaks at ~ 425 nm
(π−π* transitions) and ~ 640 nm (π*-polaron), as well as a shoulder of absorption at ~
345 nm (ether functionality) and a broad absorption at longer wavelengths. Reduction of
P(III) resulted in a substantial decrease in π*-polaron absorption and the broad
absorption at longer wavelengths (Figure 7.14(b)), indicative of a loss in conductivity.
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Figure 7.14: UV-Vis spectra of P(III) (a) oxidised and (b) reduced.

A small photovoltaic effect was observed when samples of P(III) were assembled into
PECs and tested (using the TPAI-based liquid electrolyte), however this was not
quantifiable due to the presence of a relatively large negative background dark current.
This was likely due to a reaction between the P(III) active layer and the liquid
electrolyte. The I-V characteristics in the dark and under illumination of a PEC based on
P(III) are illustrated in Figure 7.15. The inability to quantify the photovoltaic properties
of PECs based on P(III) meant that no comparison between the use of LiI-based or
TPAI-based liquid electrolytes was possible.
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Figure 7.15: I-V characteristics in the dark and under illumination of a PEC based on
P(III).

The surface morphology of P(III) grown by CV to 10 cycles using a lower potential
limit of – 0.5 V, an upper potential limit of + 1.2 V and a scan rate of 100 mVs-1 is
illustrated in the SEM image in Figure 7.16. It may be concluded that the photovoltaic
properties of P(III) were largely governed by composition (e.g. steric hindrance or
regioregularity) and not morphology, since the moderately rough surface of this
polymer did not lead to good photovoltaic properties as might have been expected.

7.3.4 Electrodeposition and Characterisation of Polymer Containing III and
Terthiophene

Cycling the potential applied to an ITO coated glass working electrode immersed in a
monomer solution containing III and TTh resulted in deposition of a polymer (Figure
7.17). The oxidation onset potential was + 0.78 V, slightly higher than the + 0.66 V
observed on the first cycle for the CV growth of P(III) (Figure 7.12). The increase in
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current and decrease in oxidation onset potential with subsequent cycling of the
potential indicated the growth of a CP. The growth of the polymer containing III and
TTh by CI using a current density of 0.5 mAcm-2 proceeded steadily at + 0.74 V, which
was slightly higher than the + 0.69 V generated during the growth of P(III) under the
same conditions (refer section 7.3.3).

Figure 7.16: SEM image of a P(III) sample grown by CV for 10 cycles using lower
potential limit = - 0.5 V, upper potential limit = + 1.2 V and scan rate =
100 mVs-1; magnification = 1 x 104.

The use of either CV or CI to grow the polymer containing III and TTh greatly
influenced the redox properties of the electrodeposit. Post-growth CV characterisation
in a monomer-free electrolyte of ITO coated glass working electrodes coated with the
polymer containing III and TTh grown by either CV or CI revealed different
electrochemical properties (Figure 7.18). The post-growth CV characterisation of the
polymer containing III and TTh grown by CV was stable and lacked an anodic peak
(Figure 7.18(a)). Qualitatively this was similar to the electrochemical properties of
P(TTh) (Figure 3.2), suggesting growth by CV resulted in a polymer with a greater
proportion of TTh units. Conversely the post-growth CV of the polymer containing III
and TTh grown by CI was characterised by instability and the presence of an anodic
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peak (Figure 7.18(b)). These characteristics were quite similar to those observed in the
post-growth CV of P(III) (Figure 7.13), suggesting a polymer with a greater proportion
of III units. It may be tentatively concluded that the proportion of III and TTh units
within the polymer depended on the electropolymerisation technique used.
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Figure 7.17: Growth of the polymer containing III and TTh on ITO coated glass by
CV to 10 cycles using lower potential limit = - 0.4 V, upper potential
limit = + 1.2 V and scan rate = 100 mVs-1; electropolymerisation
solution: 2.5 mM III, 2.5 mM TTh and 0.1 M TBAP in ACN.

The UV-Vis spectra of the polymer containing III and TTh in oxidised and reduced
states are illustrated in Figure 7.19. The spectrum of the oxidised polymer (Figure
7.19(a)) was characterised by peaks at ~ 340 nm (ether functionality), ~ 440 nm (π−π*
transitions), ~ 675 nm (π*-polaron) and ~ 1030 nm. Reduction of the polymer resulted
in the loss of the π*-polaron absorption and a fall in absorption at longer wavelengths
(Figure 7.19(b)), indicating a loss of conductivity.
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Figure 7.18: Post-growth CV characterisation for 5 cycles of the polymer containing
III and TTh on ITO coated glass grown by (a) CV and (b) CI, using
lower potential limit = - 0.5 V, upper potential limit = + 1.0 V and scan
rate = 100 mVs-1 ; electrolyte: 0.1 M TBAP in ACN.
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Figure 7.19: UV-Vis spectra of the polymer containing III and TTh (a) oxidised and
(b) reduced.

Photovoltaic testing indicated that the best PEC was based on the polymer containing
III and TTh grown by CV to 10 cycles using a lower potential limit of – 0.4 V, an upper
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potential limit of + 1.2 V and a scan rate of 100 mVs-1. The PEC fabricated using the
TPAI-based liquid electrolyte showed Isc = 89 µAcm-2, Voc = 142 mV, FF = 30.3 % and
PCE = 0.0077 %, and its I-V characteristics in the dark and under illumination are
illustrated in Figure 7.20(a). The PCE of 0.0077 % for the best PEC based on the
polymer containing III and TTh was substantially lower than the PCE of 0.0253 %
achieved for the best PEC based on the polymer containing II and TTh (refer section
7.3.2). This was likely due to the absence of cross-linking within the polymer
containing III and TTh that was inherent in the polymer containing II and TTh. Crosslinking within the polymer structure may allow more efficient charge transport and
therefore higher photovoltaic efficiency.

A substantial improvement in the photovoltaic properties of identically prepared
polymers containing III and TTh was observed when the LiI-based liquid electrolyte
was used in place of the TPAI-based liquid electrolyte. The PEC fabricated using the
LiI-based liquid electrolyte showed Isc = 172 µAcm-2, Voc = 142 mV, FF = 28.8 % and
PCE = 0.0141 %, and the I-V characteristics in the dark and under illumination of this
device are illustrated in Figure 7.20(b). The PCE of 0.0141 % obtained when using the
LiI-based liquid electrolyte represented an 83 % increase in efficiency compared to
when the TPAI-based liquid electrolyte was used. This was likely due to complexation
of Li+ cations by the ether functionality of the polymer containing III and TTh and a
resultant improvement in the efficiency of electron transfer from the photoexcited
polymer to the liquid electrolyte.

The surface morphology of the polymer containing III and TTh grown by CV to 10
cycles using a lower potential limit of – 0.4 V, an upper potential limit of + 1.2 V and a

Chapter 7: Electrochemistry of Ether-Subst. Terthiophenes and Photovoltaic Properties of Polymers 219

scan rate of 100 mVs-1, is illustrated in the SEM in Figure 7.21. This polymer appeared
to have a smoother surface morphology compared to that of the polymer containing II
and TTh (Figure 7.11). This may explain why, when using the TPAI-based liquid
electrolyte, the best PEC based on the polymer containing II and TTh showed a higher
PCE (0.0253 %) compared to the PCE (0.0077 %) of the best PEC based on the
polymer containing III and TTh. This contrast in photovoltaic performance may have
been due therefore to a combination of morphological and compositional (e.g. crosslinking or lack of it) effects.
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Figure 7.20: I-V characteristics in the dark and under illumination of PECs based on
the polymer containing III and TTh grown by CV for 10 cycles using
lower potential limit = – 0.4 V, upper potential limit = + 1.2 V and scan
rate = 100 mVs-1 for different liquid electrolytes (a) TPAI-based and (b)
LiI-based.
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Figure 7.21: SEM image of the polymer containing III and TTh grown by CV for 10
cycles using lower potential limit = - 0.4 V, upper potential limit = + 1.2
V and scan rate = 100 mVs-1; magnification = 1 x 104.

7.3.5 Electrodeposition and Characterisation of P(IV)

Cycling the potential applied to an ITO coated glass working electrode immersed in a
monomer solution of IV resulted in the deposition of a P(IV) film (Figure 7.22). After
an initial minor oxidation response at + 0.51 V, a major oxidation process was observed
to commence at + 0.66 V on the first cycle, which was identical to that observed during
the CV growth of P(III) (Figure 7.12). This was not surprising since III and IV are
structural isomers. The increase in current and decrease in oxidation onset potential
observed in Figure 7.22 with subsequent cycling of the potential indicated the growth of
a CP. The growth of P(IV) by CI using a current density of 0.5 mAcm-2 proceeded
steadily at + 0.68 V, similar to the + 0.69 V generated during the growth of P(III) under
the same conditions (refer section 7.3.3).
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Figure 7.22: Growth of P(IV) on ITO coated glass by CV to 10 cycles using lower
potential limit = - 0.5 V, upper potential limit = + 1.2 V and scan rate =
100 mVs-1; electropolymerisation solution: 5 mM IV and 0.1 M TBAP in
ACN.

Post-growth CV characterisation for 5 cycles of an ITO coated glass working electrode
coated with P(IV) and immersed in a monomer-free electrolyte is illustrated in Figure
7.23. The post-growth CV characterisation of P(IV) was similar to that for P(III)
(Figure 7.13), in that the response decreased with successive cycling, indicating
polymer degradation.

The UV-Vis spectra of oxidised and reduced P(IV) are shown in Figure 7.24 and were
nearly identical to the spectra observed for oxidised and reduced P(III) (Figure 7.14).
The spectrum of oxidised P(IV) (Figure 7.24(a)) was characterised by peaks at ~ 425
nm (π−π* transitions) and ~ 650 nm (π*-polaron), a shoulder of absorption at ~ 345 nm
(ether functionality) and a broad absorption at longer wavelengths. Reduction of P(IV)
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resulted in the loss of the π*-polaron absorption and absorption at longer wavelengths,
indicating a loss of conductivity (Figure 7.24(b)).
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Figure 7.23: Post-growth CV characterisation for 5 cycles of P(IV) on ITO coated
glass using lower potential limit = - 0.5 V, upper potential limit = + 1.0
V and scan rate = 100 mVs-1; electrolyte: 0.1 M TBAP in ACN.
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Figure 7.24: UV-Vis spectra of P(IV) (a) oxidised and (b) reduced.
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Photovoltaic testing of PECs based on P(IV) gave similar results to those obtained for
P(III). Namely, a small photovoltaic effect was observed, however this could not be
quantified due to the presence of a relatively large negative background dark current.
The I-V characteristics in the dark and under illumination of a PEC based on P(IV)
fabricated using the TPAI-based liquid electrolyte are illustrated in Figure 7.25.
Comparison of TPAI-based and LiI-based liquid electrolytes was not possible since the
photovoltaic properties of P(IV) could not be quantified using the TPAI-based liquid
electrolyte.
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Figure 7.25: I-V characteristics in the dark and under illumination of a PEC based on
P(IV).

The surface morphology of P(IV) grown by CV to 10 cycles and using a lower potential
limit of – 0.5 V, an upper potential limit of + 1.2 V and a scan rate of 100 mVs-1 is
illustrated in the SEM image in Figure 7.26. The morphology of P(IV) was very similar
to that observed for P(III) (Figure 7.16). As for P(III), the photovoltaic properties of
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P(IV) were largely attributable to compositional factors (e.g. steric hindrance or
regioregularity) rather than on surface morphology.

Figure 7.26: SEM image of a P(IV) sample grown by CV for 10 cycles using lower
potential limit = - 0.5 V, upper potential limit = + 1.2 V and scan rate =
100 mVs-1; magnification = 1 x 104.

7.3.6 Electrodeposition and Characterisation of Polymer Containing IV and
Terthiophene

A polymer deposit formed on the surface of an ITO coated glass working electrode
immersed in a monomer solution containing IV and TTh when the applied potential was
cycled (Figure 7.27). The general appearance of the growth CV in Figure 7.27 was very
similar to those recorded during the growth of the polymer containing II and TTh
(Figure 7.7) and the polymer containing III and TTh (Figure 7.17). The oxidation onset
potential of + 0.80 V observed in Figure 7.27 was nearly identical to the + 0.78 V
observed for the growth of the polymer containing III and TTh. Subsequent cycling of
the potential resulted in an increase in current and decrease in the oxidation onset
potential (especially after the first cycle), indicating the growth of a CP. In addition, the
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growth of the polymer containing IV and TTh by CI using a current density of 0.5
mAcm-2 proceeded steadily at + 0.77 V, similar to the + 0.74 V generated for the growth
of the polymer containing III and TTh under the same conditions.
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Figure 7.27: Growth of the polymer containing IV and TTh on ITO coated glass by
CV to 10 cycles using lower potential limit = - 0.4 V, upper potential
limit = + 1.2 V and scan rate = 100 mVs-1; electropolymerisation
solution: 2.5 mM IV, 2.5 mM TTh and 0.1 M TBAP in ACN.

The electrochemical properties of the polymer containing IV and TTh were very much
dependent on the choice of electropolymerisation technique. Post-growth CV
characterisations of ITO coated glass working electrodes coated with polymers
containing IV and TTh grown by either CV or CI and immersed in a monomer-free
electrolyte are illustrated in Figure 7.28. The CVs in Figure 7.28 were similar to those
observed for the polymers containing III and TTh and grown either by CV or CI
(Figure 7.18). Similar to the argument presented in section 7.3.4 regarding the link
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between electropolymerisation technique and the balance of co-monomer units within
the polymer containing III and TTh, the use of CV to grow the polymer containing IV
and TTh appeared to yield a polymer with a greater proportion of TTh units, while
growth by CI appeared to yield a polymer with a greater proportion of IV units.
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Figure 7.28: Post-growth CV characterisation for 5 cycles of the polymer containing
IV and TTh on ITO coated glass grown by (a) CV and (b) CI, using
lower potential limit = - 0.5 V, upper potential limit = + 1.0 V and scan
rate = 100 mVs-1 ; electrolyte: 0.1 M TBAP in ACN.

UV-Vis spectra of the polymer containing IV and TTh in oxidised and reduced states
are shown in Figure 7.29, and were similar to those observed for the polymer containing
III and TTh (Figure 7.19). The oxidised form of the polymer (Figure 7.29(a)) was
characterised by peaks at ~ 425 nm (π−π* transitions) and ~ 660 nm (π*-polaron), a
shoulder at ~ 345 nm (ether functionality) and a broad absorption at longer wavelengths.
Absorption due to π*-polaron transition and absorption at longer wavelengths were lost
upon reduction (Figure 7.29(b)), indicating a loss of conductivity.
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Figure 7.29: UV-Vis spectra of the polymer containing IV and TTh (a) oxidised and
(b) reduced.

Photovoltaic testing using the TPAI-based liquid electrolyte revealed that the best PEC
was based on the polymer containing IV and TTh grown by CV to 10 cycles using a
lower potential limit of – 0.4 V, an upper potential limit of + 1.2 V and a scan rate of
100 mVs-1. This PEC showed Isc = 91 µAcm-2, Voc = 132 mV, FF = 30.4 % and PCE =
0.0073 %, and its I-V characteristics in the dark and under illumination are illustrated in
Figure 7.30(a). The photovoltaic properties of PECs based on the polymer containing
IV and TTh were similar to those for PECs based on the polymer containing III and
TTh (section 7.3.4), but were substantially poorer than those observed for PECs based
on the polymer containing II and TTh (section 7.3.2). As described in section 7.3.4, this
was likely due to the inherent cross-linking within the polymer containing II and TTh,
which was not present within the structure of the polymer containing IV and TTh.

For identically prepared samples of the polymer containing IV and TTh, the use of the
LiI-based liquid electrolyte gave improved photovoltaic performance compared to when
the TPAI-based liquid electrolyte was used. The use of the LiI-based liquid electrolyte
gave a PEC that showed Isc = 159 µAcm-2, Voc = 130 mV, FF = 29.5 % and PCE =
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0.0122 %, and the I-V characteristics of this PEC in the dark and under illumination are
illustrated in Figure 7.30(b). The PCE obtained when using the LiI-based liquid
electrolyte (0.0122 %) represented a 67 % increase in efficiency compared to the PCE
obtained when the TPAI-based liquid electrolyte was used (0.0073 %). As for the
improvements in photovoltaic performance when using the LiI-based liquid electrolyte
in place of the TPAI-based liquid electrolyte for PECs based on the polymer containing
III and TTh (section 7.3.4), this may be attributed to complexation of Li+ cations by the
ether functionality of the polymer containing IV and TTh and resultant improvement in
electron transfer from the photoexcited polymer to the liquid electrolyte.
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Figure 7.30: I-V characteristics in the dark and under illumination of PECs based on
the polymer containing IV and TTh grown by CV for 10 cycles using
lower potential limit = – 0.4 V, upper potential limit = + 1.2 V and scan
rate = 100 mVs-1 for different liquid electrolytes (a) TPAI-based and (b)
LiI-based.
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The surface morphology of the polymer containing IV and TTh grown by CV to 10
cycles using a lower potential limit of – 0.4 V, an upper potential limit of + 1.2 V and a
scan rate of 100 mVs-1 is illustrated in the SEM in Figure 7.31. This was very similar to
the surface morphology of the polymer containing III and TTh that was illustrated in
Figure 7.21. Consistent with the argument presented in section 7.3.4, the smoother
morphology of the polymer containing IV and TTh compared to that of the polymer
containing II and TTh (Figure 7.11) was part of the reason why the PCE of the former
(0.0073 %) was substantially lower than that of the latter (0.0253 %) when using the
TPAI-based liquid electrolyte. In addition, it was likely that compositional factors (e.g.
cross-linking or lack of it) would have also significantly influenced the relative
photovoltaic properties of the polymer containing IV and TTh compared to the polymer
containing II and TTh.

Figure 7.31: SEM image of the polymer containing IV and TTh grown by CV for 10
cycles using lower potential limit = - 0.4 V, upper potential limit = + 1.2
V and scan rate = 100 mVs-1; magnification = 1 x 104.

Chapter 7: Electrochemistry of Ether-Subst. Terthiophenes and Photovoltaic Properties of Polymers 230

7.4

Conclusions

The homopolymers of the ether-substituted TTh derivatives II, III and IV and the
polymers of II, III or IV with TTh were all readily electrodeposited onto ITO coated
glass by CV and CI techniques. Post-growth CV characterisation revealed that P(II)
demonstrated greater electrochemical stability than both P(III) and P(IV), likely due to
the inherent cross-linking within P(II). In addition, post-growth CV characterisation
qualitatively suggested that growth of the polymers containing III or IV with TTh by
CV yielded polymers with a greater proportion of TTh units, while the use of growth by
CI yielded polymers with a greater proportion of either III or IV units, respectively.
The best overall PEC was based on the polymer containing II and TTh grown by CI
using a current density of 0.5 mAcm-2 up to a charge density of 50 mCcm-2. Using the
TPAI-based liquid electrolyte, this PEC showed Isc = 469 µAcm-2, Voc = 94 mV, FF =
28.7 % and PCE = 0.0253 %, representing photovoltaic performance within the same
order of magnitude compared to results in previous Chapters and in published works on
the use of P(TTh)s as the active layer in PECs.

The use of a LiI-based liquid electrolyte in place of the TPAI-based liquid electrolyte
for PECs based on polymers containing III or IV units resulted in improvement to the
photovoltaic performance of PECs, while such use was not beneficial to the
photovoltaic performance of PECs based on polymers containing II units. The use of a
LiI-based liquid electrolyte in place of the TPAI-based liquid electrolyte resulted in
decreased photovoltaic performance for PECs based on the polymer containing II and
TTh. In this case, an inexplicable 74 % drop in PCE from 0.0253 % (TPAI-based liquid
electrolyte) to 0.0065 % (LiI-based liquid electrolyte) was observed. Although an
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increase in photovoltaic performance was reported when a LiI-based liquid electrolyte
was used in place of the TPAI-based liquid electrolyte for the PEC based on P(II), it
was found that most of this ‘increase’ was in fact due to the presence of a substantial
background dark current. PECs based on polymers containing III or IV with TTh
showed 83 % and 67 % increases in PCE values when the LiI-based liquid electrolyte
was used instead of the TPAI-based liquid electrolyte, respectively. This was attributed
to complexation of Li+ cations that was thought to lead to a more intimate
electrochemical interface between the polymer and liquid electrolyte. In turn, this would
better facilitate electron transfer from the photoexcited polymer to I3- and therefore
enhance photovoltaic properties. The effect of using either LiI-based or TPAI-based
liquid electrolytes on the photovoltaic properties of PECs based on P(III) and P(IV)
was not determined. The observed photovoltaic effects of these polymers were not
quantifiable due to the presence of large negative background dark currents.
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The preceding Chapters considered attempts to improve the photovoltaic properties of
photoelectrochemical cells (PECs) based on a range of poly(thiophene)s (PThs) by:
controlling polymer morphology, enhancing light absorption, improving exciton
dissociation and increasing the efficiency of electron transfer at the interface between
the active layer and liquid electrolyte. It was found that photovoltaic efficiencies within
the same order of magnitude were obtained using various active layer compositions.

As a starting point, the growth conditions used in the electrochemical preparation of
poly(terthiophene) (P(TTh)) were optimised in Chapter 3. The optimum set of growth
conditions included the use of: acetonitrile (ACN) as the solvent, cyclic voltammetry
(CV) growth technique, mild upper potential limits during growth by CV and higher
electropolymerisation temperatures. The best PCE obtained was 0.101 %. A correlation
between the growth conditions used, the surface morphologies obtained and the
photovoltaic performances observed was established.

In Chapter 4 attempts were made to broaden the visible light absorption of P(TTh) by
the incorporation of a range of commercially available anionic dyes and cationic dyes
during electropolymerisation and post-growth electrochemical reduction, respectively.
Attempts at the incorporation of anionic dyes during electropolymerisation were largely
successful, where incorporation was confirmed using UV-Vis spectroscopy.
Conversely, attempts at the incorporation of cationic dyes were largely unsuccessful, a
possible explanation for which was the relatively large size of the cationic dyes
investigated. The best PCE of 0.0334 % was obtained for P(TTh) doped with the
anionic dye Sulforhodamine B (S-B).
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Electropolymerisation of the C60-substituted TTh derivative I by itself to give the
homopolymer P(I), and together with TTh to give a range of polymers containing I and
TTh, enabled the controlled introduction of C60 units along the P(TTh) backbone as
reported in Chapter 5. It was hoped that the introduction of C60 units in such a way
would result in enhanced exciton dissociation. The best PEC based on P(I) showed a
PCE of 0.0235 %, while the best PEC based on the polymer containing I and TTh
showed a PCE of 0.0375 % (I:TTh ratio = 1:1). When polymers containing I and TTh
with a range of I:TTh co-monomer ratios were electropolymerised using identical
conditions, it was found that the copolymer with co-monomer ratio of 0:1 (i.e. P(TTh))
showed the best photovoltaic performance.

Chapter 6 considered the synthesis of the poly(3-alkylthiophenes) (P(3AT)s): poly(3hexylthiophene)

(P(3HT))

and

poly(3-octylthiophene)

(P(3OT))

by oxidative

polymerisation using FeCl3. These soluble P(3AT)s were spin-cast onto ITO coated
glass, either by themselves or in a mixture with the soluble C60 derivative PCBM, and
the resultant films characterised. Vast improvements in photovoltaic performance were
observed with the introduction of PCBM, and this was attributed to the introduction of a
bulk heterojunction and enhanced exciton dissociation. The best PCE of 0.0266 % was
obtained for a PEC based on a P(3HT)/PCBM active layer.

The photovoltaic properties of electrodeposited homopolymers synthesised from the
ether-substituted TTh derivatives II, III and IV and of polymers containing II, III or IV
and TTh were investigated in Chapter 7. Attempts to exploit the ether functionality of
such polymers were made by comparing the photovoltaic properties of identically
prepared samples using a liquid electrolyte with the source of I- anions as either
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tetrapropylammonium iodide (TPAI) or LiI. The use of the LiI-based liquid electrolyte
resulted in a drop in PCE for PECs based on P(II) or the polymer containing II and TTh
compared to when the TPAI-based liquid electrolyte was used. However, the use of the
LiI-based liquid electrolyte instead of the TPAI-based liquid electrolyte resulted in an
increase in PCE for PECs based on the polymers containing III or IV with TTh. This
was thought to be the result of complexation of Li+ by the ether functionalities of III or
IV and a possible improvement in electron transfer from the active layer to the liquid
electrolyte as a result. The best PCE of 0.0253 % was obtained for a PEC based on the
polymer containing II and TTh and using the TPAI-based liquid electrolyte.
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APPENDIX A:
TABLE OF PHOTOVOLTAIC PROPERTIES FOR
BEST PHOTOELECTROCHEMICAL CELLS

P

(3OT)

(3OT)/PCBM
P

P(3HT)
P
(3OT)
P
(3HT)/PCBM
P

olymer containing I and TTh

(I)

108

41

Spin-coated from 2 % (w/v) CHCl3 solution, 1000 rpm, 30 s
S
pin-coated from 2 % (w/v) CHCl3 solution, 1000 rpm, 30 s
S
pin-coated from 1 % (w/v) P(3HT) + 2 % (w/v) PCBM
CHCl3 solution, 1000 rpm, 30 s
S
pin-coated from 1 % (w/v) P(3OT) + 2 % (w/v) PCBM
CHCl3 solution, 1000 rpm, 30 s
E
lectrodepostied by CI, 0.5 mAcm-2, 100 mCcm-2

Electrodepostied by CV, - 0.5 V à + 1.2 V, 100 mVs-1, 5
cycles
E
lectrodepostied by CI, 0.5 mAcm-2, 10 mCcm-2

318

178

Electrodepostied by CI, 0.25 mAcm-2, 100 mCcm-2
E
lectrodepostied by CV, - 0.5 V à + 1.2 V, 100 mVs-1, 10
cycles
E
lectrodepostied by CI, 0.5 mAcm-2, 50 mCcm-2
E
lectrodepostied by CV, - 0.5 V à + 1.2 V, 100 mVs-1, 20
cycles

264

194

19

204

124

100

13

178

72

200
16

307

250

122

33

165

174

66

152

888

Electrodeposited by CV, - 0.4 V à + 1.2 V, 100 mVs-1, 5
cycles, at 55-60 °C

Voc (mV)

Isc
(µAcm-2)

Conditions Associated with
Active Layer Deposition

Note: PCE values accurate to within approximately ± 15 % with a 95 % confidence limit.

6

5

P(TTh)/S-B
P
(TTh)/PB-VF
P

4

(TTh)/NBB
P
(TTh)/S-B/PB-VF
P

P(TTh)

PEC Active Layer Composition

3

Chapter

23.7

25.6

25.9

33.0

27.4

30.5

28.4

25.6

28.5

29.6

29.6

37.3

FF (%)

0.0019

0.0113

0.0266

0.0008

0.0006

0.0375

0.0235

0.0020

0.0066

0.0026

0.0334

0.101

PCE (%)
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olymer containing II and TTh
(TPAI liquid electrolyte)
P
olymer containing II and TTh
(LiI liquid electrolyte)
P
olymer containing III and TTh
(TPAI liquid electrolyte)
P
olymer containing III and TTh
(LiI liquid electrolyte)
P
olymer containing IV and TTh
(TPAI liquid electrolyte
P
olymer containing IV and TTh
(LiI liquid electrolyte)

(II) (LiI liquid electrolyte)
P

P(II) (TPAI liquid electrolyte)
P

PEC Active Layer Composition

E
lectrodepostied
cycles
E
lectrodepostied
cycles
E
lectrodepostied
cycles
E
lectrodepostied
cycles

89

172

91

159

by CV, - 0.5 V à + 1.2 V, 100 mVs-1, 10
by CV, - 0.5 V à + 1.2 V, 100 mVs-1, 10
by CV, - 0.5 V à + 1.2 V, 100 mVs-1, 10

123

469

by CV, - 0.5 V à + 1.2 V, 100 mVs-1, 10

E
lectrodepostied by CI, 0.5 mAcm-2, 50 mCcm-2

41

Electrodepostied by CV, - 0.5 V à + 0.9 V, 100 mVs-1, 10
cycles
E
lectrodepostied by CV, - 0.5 V à + 0.9 V, 100 mVs-1, 10
cycles
E
lectrodepostied by CI, 0.5 mAcm-2, 50 mCcm-2
82*

Isc
(µAcm-2)

Conditions Associated with
Active Layer Deposition

Note: PCE values accurate to within approximately ± 15 % with a 95 % confidence limit.

* Photovoltaic properties affected by presence of substantial background dark current.
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Chapter

130

132

142

142

90

94

86*

124

Voc (mV)

29.5

30.4

28.8

30.3

29.4

28.7

27.3*

26.6

FF (%)

0.0122

0.0073

0.0141

0.0077

0.0065

0.0253

0.0039*

0.0027

PCE (%)
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